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Figure 13: Number of up-regulations each day as function of average DA

price the respective day, week 1-17.
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5 CASE STUDY

5.2.1.3 Price Scenario Generation of Future BM Prices

Based on the reasoning in Section [2.5.1] it is expected a higher price volatil-
ity in the future as a consequence of increased intermittent generation. To
simulate this, the model was run two additional times for each time period.
The price difference intervals from the Normal BM situation were modified
in two stages, referred to as Voll and Vol2. This is shown in Table 5| The
values in the table are based on the following;:

Price Volatility 1 (Voll)

The price differences are identical as in the Normal BM case, while the
probabilities were changed. The probability of no regulation, i.e. scenario
4, was halved as it is more likely that regulation is needed. The reduction
in probability of scenario 4 was distributed across scenarios 2, 3, 5 and 6 so
that the probability of these scenarios were increased with an equal amount
relative to the probability of the respective scenarios. The probability of
the extreme scenarios 1 and 7 were kept constant. This is because these
scenarios likely are due to rare events such as outages and will likely not
become more frequent.

Price Volatility 2 (Vol2)

The probability distribution is the same as for Voll, but with higher price
differences in scenario 3 and 5. The price difference in these scenarios was
doubled. This is to simulate an increased demand for regulation in the
scenarios with high probability.

Table 5: Range of price differences between DA and BM with correspond-
ing probabilities, week 1.

Voll Vol2
BM Price difference Probability | Price difference Probability
scenario [EUR/MWHh] (%] [EUR/MWHh] (%]
1 -75.17 0.26 -75.17 0.26
2 -19.74 3.10 -19.74 3.10
3 -5.69 57.26 -11.39 57.26
4 0.00 7.65 0.00 7.65
5 4.40 29.29 8.81 29.29
6 22.31 1.69 22.31 1.69
7 111.07 0.75 111.07 0.75

36



5.2 Model Input

5.2.1.4 Price Scenario Generation of Future DA Prices

To simulate another scenario of the future power market, the model was
run with historical German DA prices. There are two reasons to do so:

e The German system has a larger share of renewable energy genera-
tion and therefore represent a possible future Nordic system with an
increased share of renewables.

o It is expected that the Nordic system will become more closely con-
nected to Germany in the future, as explained in Section [2.2.2

The spot price volatility in Germany is higher than the situation based
on the Nordic spot market, mostly because the German generation mix is
based on thermal power and contains a high share of intermittent energy.
The German market prices were supplied by SINTEF Energy Research and
originate from the EPEX Spot FTP-server [23]. The prices were scaled so
that the average price across all the DA scenarios became equal to that in
the Nordic price case. This was to create consistency with the water values.

Week 1 was chosen as time period to simulate the model with historical
German market prices. The price scenarios were divided into three differ-
ent situations identically as in the section above: Normal BM, Voll and
Vol2. Again, this was to simulate different levels of intermittent generation.

5.2.2 PQ-Curves

For each power generator, the SHOP data set provides a table of generator
efficiency at different values of mechanical input power and one to three
tables of turbine efficiencies at different discharges. Each turbine efficiency
table is valid at a given head.

The mentioned tables were copied into Excel. The calculations needed to
convert the values to PQ-curves were done using basic Excel functions and
the Matlab script in Appendix @ First, the shaft power Psyqf: was found
for each discharge in the turbine efficiency tables, using Equation [I0]

Pshaft = pgthturb(Q) (10)

p is the density of water, g is the gravity acceleration, h is the head, ¢ is
discharge through the generator and E(q) the turbine efficiency.
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The shaft power found does not necessarily fit the values listed in the gen-
erator table. Because of this, the Matlab script was used to interpolate
linearly in the generator table to find the efficiencies corresponding to the
values from the turbine table.

Having found the correct generator efficiency, Eger(q), for each discharge,
the output power was found by multiplying the generator efficiency with
the shaft power. The output power with corresponding discharge level gives
the break points of the PQ-curve.

This curve may however not be concave. To check this, the properties of
a concave function were analysed. The derivative of the function has to be
non-negative, i.e. the slope can never increase. This leads to the conclusion
that if the curve starts in the origin and one draws a line from the origin
to any other point on the PQ-curve, every point previous has to lie at or
above this line. This means that the first break point of a concave function
has to be the point with the highest X/Y ratio. This corresponds to the
point with the maximal total efficiency (Eiurs(q) * Egen(q)).

Different strategies could have been chosen too make sure that the con-
cave PQ-curve deviates as little as possible from the real one. Since most
generators typically will be operated close to their maximum efficiency, the
accuracy around this point was prioritized. The first break point was there-
fore copied directly from the efficiency table. If possible, this was also the
case for consecutive breakpoints. In the cases where the slope increased
from one line segment to the next, the previous line segment was simply ex-
tended. As a graphical example, Figure [I5] show the original and adjusted
PQ-curves for Vinje 2.
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PQ-curve for Vinje 2

100

Output power [WW]
@
&=
-

Discharge [m¥/s]

—a— Origina PQ-curve Adjusted PO-curve
Figure 15: Original and adjusted PQ-curve of Vinje 2.

5.2.3 Inflow

The inflow does not affect the short-term scheduling notably, as described
in Section For this reason, the inflow was set equal for all scenarios.
Detailed data for inflow through the year was not available for each reservoir,
instead yearly average inflow data provided from SINTEF Energy Research
was used. In the Tokke-Vinje system, all inflow is regulated. The yearly
inflow was spread across the year using data from nearby measuring stations,
which has daily or weekly resolution of the average inflow. The yearly
inflow to the reservoir was divided across the year, corresponding to the
inflow distribution from the measuring stations. This was done by using
Equation where Q£ is the hourly regulated inflow used as model input

and nyem is the yearly inflow. QZ, is the hourly inflow to the nearest

measuring station and Qﬁ,yem is the yearly inflow to the same measuring

station. QF, was calculated by dividing the daily or weekly inflow which
was provided by the number of hours per day or week respectively.

R

R _ NR mt
rt T ¥r,year * R (11)
m,year
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5.2.4 Water Values and Initial Reservoir Level

The marginal water value cuts were calculated in ProdRisk [I6] in order
to create consistency between short- and long-term optimization. Further
explanations about the concept of seasonal scheduling and water value cuts
are found in Section [2.4:2)and 2:4.4] ProdRisk is a stochastic dual dynamic
programming model developed by SINTEF that creates consistency between
inflow- and price scenarios that are generated in EMPS. Several water value
cuts are calculated around a reference price and reservoir levels. Hence, it
was necessary to find a way to specify these reference levels, which is ex-
plained below. This is followed by information about how ProdRisk was run.

The reference price level for each time period was found by calculating
the average day-ahead price during all of the DA scenarios for each time
period. These prices are historical prices found on Nord Pool Spot’s FTP-
server. The results of this calculation can be found in Appendix [C]

The average reservoir levels for the time periods in question were not avail-
able for all the magazines. However, the revision document [24] presents
filling profiles in the Tokke-Vinje area. Reference values were chosen based
on this material for the relevant weeks, see Table[6] The exception is Vinje-
vatn which is kept at 50% at all times according to the revision document.
The initial reservoir levels in the AMPL model were set equal to the ref-
erence values in ProdRisk, enabling the calculation of the marginal water
values in the river system.

Table 6: Reference values for water value calculations.

Week | Reservoir level | Average DA price [1\1;31%1}1]
1 75% 44.17
14 35% 42.49
27 90% 33.22
44 85% 34.94

To calculate the expected future value of the water, ProdRisk uses price
input in csv-format. Prices are divided into four price sections, which rep-
resents night, off peak daytime, peak daytime and weekend. Each price
interval is valid for one week and there are 156 weeks in one year; thus
one year in ProdRisk spans three real years. The predefined settings in
the version of ProdRisk was to use data from the fifty years 1931 to 1980.
Because the access to these settings was limited, the market data from [19]
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was modified to fit this format using the Matlab script in Appendix[F] Since
only data for 1996-2014 was available, the data was copied until all years
were filled. The result is that ProdRisk year 1931 contains year 1996-1998,
ProdRisk year 1932 contains 1997-1999 and so on until all real years were
used. Then the real years were started over to fill the rest of the ProdRisk
years.

5.2.5 Bid Curves

The model can be run without using bid curves. In this case, the optimal so-
lution for each day-ahead scenario will be independent of the solution in the
other scenarios. The deciding factor for the optimal DA volume is whether
or not the expected BM price will be higher or lower than the DA price.
This means that one could end up in a situation where it is more beneficial
to sell in the DA if the price is low than if it is high. Since Nord Pool Spot
requires offered volumes to be non-decreasing with price, this is not possible.

To comply with the rules of Nord Pool Spot, bid curves were introduced.
The bid curves are made up of 64 price points, which is the maximum
allowed number of bids per order according to [9]. The price points are dis-
tributed uniformly between a point slightly below the lowest and one above
the highest input DA price. The model then decides upon the volumes that
should be offered at each price point. This is implemented in Equations
C.26 to C.33.

Bid curves are not necessary in the BM, as the optimal volume will de-
pend on the BM price only because it is the last node of the scenario tree.

5.2.6 Initial and Default Values

All initial flows and generator spinning states were set equal to those that
were used in the data set provided by SINTEF and are equal in all simu-
lations. This is not necessarily accurate compared to a normal situation.
Since the start up costs are low, it should however not affect the outcome
notably. Data for time lag between reservoirs were also left unchanged from
the SINTEF data set.

It is difficult to estimate a value for the cost of damage imposed by large
amounts on spillage. However, with the implementation explained in Sec-
tion and a spillage cost limit of 20 m?, there were no spillage with the
exception of a 0.03 to 0.04 st spillage from reservoir 8 in hour 24 in week
27. One can therefore conclude that the spillage cost does not affect the
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optimal solution noteworthy. A value of 1000 EUR/ mTB from the SINTEF
data set was therefore left unchanged.
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6 Results

This section introduces the main results from the simulations. The expected
income with and without the BM is simulated with prices based on histor-
ical Nordic market prices. Price volatility is then introduced to see how it
affects the profitability. The same procedure is repeated when the market
prices are based on historical German market prices. A closer description
of the market cases simulated are found in Table Bl The results have been
handled in the Excel sheet results.xlsx that accompanies this report, which
is explained in Appendix [C} All the results will be analyzed in Section

6.1 Objective Function

Table[7]shows the objective output and distribution between each contribut-
ing factor when the BM is disabled. The same values are displayed in Table
with the Normal BM prices included, see Section [5.2.1] This table also
shows the net gain in objective value from including the BM. These results
will be analysed in Section [T.1.1]

As Table [7] and 8] illustrate, the start up- and spillage costs are insignificant
compared with the other contributing factors; therefore, they will not be
displayed in the rest of the results. The values can be found in results.xlsx.

Table 7: Value of objective and contributing factors with BM disabled
[kEUR].

day
Week 1 | Week 14 | Week 27 | Week 44
Spillage cost 0.00 0.00 0.00 0.00
Start up cost 0.70 0.70 1.10 0.40

Day-ahead income | 900.76 838.08 669.38 728.73
Increased water value | -504.13 -491.49 526.44 -343.40
Objective 395.13 344.79 1193.72 383.72
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Table 8: Value of objective and contributing factors with BM included.

Price input according to the normal case [kg’g,R].

Week 1 | Week 14 | Week 27 | Week 44

Spillage cost 0.00 0.00 0.00 0.00

Start up cost 1.16 0.53 1.46 1.02

Day-ahead income | 1001.99 935.78 695.43 728.73
Balancing market income | -102.70 -72.47 -18.84 6.88

Increased water value | -481.35 -496.54 526.98 -340.52
Objective | 415.85 365.01 | 1201.46 392.72

Gain from including BM 20.72 20.22 7.74 9.00
as % of original income | 5.24% 5.86% 0.65% 2.35%

6.1.1 Introduction of Price Volatility

Different levels of price volatility between DA and BM are introduced in
order to represent the future with a high intermittent energy penetration.
The different cases with increasing level of price volatility are referred to as
Normal BM, Voll and Vol2, respectively. See Section[5.2.1.1]for explanation.

Figure [T6] shows the total change in objective value, while Figure [I7} [I§]
and [I9 show the income from the DA and BM and the increased water
value, respectively. These will be discussed in Section [7.1.2]

Objective value
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1201451203 53122491
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45275
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Figure 16: Objective value for all time periods [%]
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Day-ahead income
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Increased value of unused water
BOD.OD

576.29
500.00 52698 52452

200.00

20000

0.00

ST 1

e -34052-340.36 000
-208.02

Incorme [kE]

songy ELIATIA _496.54 404,02 476,46
) MNormal Voll Vol2 Normal Voll Vol2 Mormal Voll Vol2 Normal Voll Vo2
EM EM EM EM
Week 1 Week 14 Week 27 Week 44
Figure 19: Increased value of total unused water in all reservoirs [%]

46



6.2 Introducing German Market Prices

6.2 Introducing German Market Prices

The same procedure covering DA, Normal BM, Voll and Vol2 is conducted
with DA price scenarios based on historical German prices. Section
provides information about the price scenario generation. The objective
value and its contributing factors are examined and compared with the
Nordic price cases from the section above.

Figure 20| summarizes the objective values with varying price volatility. Ta-
ble [0] specifies the changes in income when the price scenarios are based
on German prices instead of Nordic prices. Figure [21] displays how the
contributing factors are affected by the German prices. The information
is based on simulations of week 1. The result will be discussed in Section

!l
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4527
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g 8
8 8

8
8

8
8

o
8

T
DA only Normal BM Voll Vol2
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Figure 20: Expected profit with price scenarios based on Nordic and Ger-
kEUR
day

man market prices [ |, week 1.

Table 9: Increase in objective value with different market cases compared
to DA only, week 1.

Increase in objective value

‘ Normal BM ‘ Voll ‘ Vol2 ‘

kEUR] 199.54 199.49 199.79
(%] 59.61 % 59.60 % | 59.69%
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Expected income based on German prices
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6.3 Including the RKOM

To examine how the RKOM can be utilized, the model is run with three
different reserved capacities. An explanation of the implementation can be
found in Section £l Table [0 and [[1lshow the results from the simulations
for week 1 and 44, respectively. These results will be analysed in Section

[[2] and [C2.3

Table 10: Change in results when introducing the RKOM compared to
the Normal BM case for week 1.

Capacity reserved in RKOM [MW /h] 20 50 80
Day-ahead income [KEUR] | -19.54 | -41.55 | -69.37
Balancing market income [KEUR] 8.66 | 21.18 | 36.52
Increased water value [kKEUR] 8.19 | 13.56 | 21.90
Objective [KEUR] | -2.68 | -6.78 | -10.91

Table 11: Change in results when introducing the RKOM compared to
the Normal BM case for week 44.

Capacity reserved in RKOM [MW/h] | 20 50 80
Day-ahead income [KEUR] | -9.94 | -34.04 | -48.25
Balancing market income [KEUR] | 6.10 | 21.50 | 28.55
Increased water value kKEUR] | 3.23 | 10.60 | 16.12
Objective [KEUR] | -0.60 | -2.13 | -3.84

There were similarities between how the RKOM and the risk implementa-
tion affected the results. Therefore, it was necessary to look at the volumes
traded in the different markets for these cases. Figure [22]shows the volumes
traded in week 1 for the relevant scenarios. These will be compared with
the results from the risk simulations in Section [Z.2.3
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Average volumes traded hourly
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Figure 22: Average volumes traded hourly in week 1 [MWHh].
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6.4 Handling Risk

The method for handling risk is intended to illustrate a concept; therefore,
the risk handling is tested for week 14 only. In this week, several scenarios
had lower revenues with the BM included than with DA only and was there-
fore suitable. The implementation of the risk handling method is explained
in Section

The model is run with four different tolerance factors, A: 1, 5, 10 and
15 kKEUR. An overview of the results are displayed in Figure 23] while Table
[12] shows the absolute and percentile reduction in objective value. Table
shows the DA income in the second column followed by the difference
compared to it at different values of A. This will be analysed in Section

(2.2

Different levels of risk reduction
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Figure 23: Income at different safety levels, week 14.

Table 12: Increase in objective value for different safety levels. Value of A
in [KEUR].

Increase in objective
| A=15 A=10 =5 =1
[kKEUR] -0.30 -0.55 -0.86 -2.30
(%] | -0.08% -0.15% -0.24% -0.63%
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Table 13: DA scenario income and change in scenario income at different
risk safety levels [KEUR].

DA Difference compared to DA income
income | Normal BM A =15 A=10 A=5H A=1
s01 409.28 1301.22 1301.22  1301.22  1301.22  1301.22
s02 | 409.28 65.59 65.59 65.59 65.59 65.59
s03 | 409.28 0.26 0.25 0.26 0.26 0.26
s04 | 409.28 0 0 0 0 0
s05 | 409.28 0 0 0 0 0
s06 | 409.28 0.05 0.05 0.05 0.05 0.05
s07 | 409.28 2.12 2.12 2.12 2.12 2.12
s08 | 808.33 903.7 903.7 903.7 903.7 903.7
s09 | 808.33 0.51 0.51 0.51 0.51 0.51
s10 | 808.33 0.09 0.09 0.1 0.1 0.1
s11 808.33 -0.07 -0.07 -0.07 -0.07 -0.07
s12 | 808.33 -0.07 -0.07 -0.07 -0.07 -0.07
s13 | 808.33 -0.02 -0.02 -0.02 -0.02 -0.02
sl4 | 808.33 0.24 0.24 0.24 0.24 0.24
s15 32.14 1347.71 1194.37 1108.47 1010.83 895.14
s16 32.14 316.19 275.92 253.36 227.72 197.34
s17 32.14 69.3 57.7 51.2 43.8 35.05
s18 32.14 -24.29 -15 -10 -5 -1
s19 | 32.14 -24.3 -14.83 -9.8 -4.08 2.69
s20 | 32.14 32.95 78.46 103.96 132.94 167.27
s21 32.14 425.05 651.62 778.54 922.81 1093.75
s22 | 443.88 1266.62  1266.62  1266.62  1266.62  1266.62
s23 | 443.88 44.84 44.24 45.73 45.7 45.56
s24 443.88 0.13 0.12 0.13 0.13 0.13
s25 | 443.88 0 0 0 0 0
s26 | 443.88 0 0 0 0 0
s27 | 443.88 0.09 0.09 0.09 0.09 0.09
s28 | 443.88 2.15 2.15 2.15 2.15 2.15
s29 | 30.32 1378.33 1310.36 1233.86 1152.21 807.87
s30 30.32 325.37 307.52 287.43 265.99 175.56
s31 | 30.32 72.86 67.71 61.92 55.74 29.68
s32 | 30.32 -19.96 -15 -10 -5 -1
s33 | 30.32 -19.96 -4.37 -4.37 -4.37 15.81
s34 30.32 39.09 106.2 106.2 106.2 208.4
s35 30.32 397.19 731.3 731.3 731.3 1240.1
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6.4 Handling Risk

As explained in Section [6.3] it was necessary to look at the volumes traded
in the DA and BM for different levels of risk reduction. Figure shows
the volumes traded in week 14 for the relevant simulations. These will be
compared with the results from the RKOM simulations in Section [7.2.3]

Average volumes traded hourly
1000.00

B00.00
600.00
400,
200.00
0.00
B E =2 =2 "™

-200.00

8

-400.00
D& only Normal EM REKLS REk1D REkS Rkl

m DA volume  mBM volume

Figure 24: Average volumes traded hourly in week 14 [MWh].
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6.5 System Behaviour

With the new waterways and limits on spillage, the behavior of the system
was improved. This section provides information about the system behavior
in the optimal solution. These results will be discussed in Section [7.2}

6.5.1 Spillage

With the new implementation to inhibit spillage, see Section there
is no spillage from any of the reservoirs in any of the simulations. The
exception is week 27, where some spillage occur from reservoir 8 in the last
hour of some of the scenarios. The largest spillage is observed during the
Volatility-simulations, where the weighted average of this spillage across
the scenarios is 0.04m3. This is considered a negligible amount and will
therefore not be analysed further.

6.5.2 Changes in Reservoir Level

The change in reservoir level from the beginning of the planning horizon to
the end is large for some reservoirs. This trend is similar for all weeks. For
the purpose of this analysis, the focus will be on week 27. Corresponding
results for the other weeks can be found in the accompanying Excel sheet
results.xlsx in Appendix [C]

As Figure [25]shows, the reservoir level of reservoir 7 was reduced by around

40% of its maximum capacity, while reservoir 8 was increased by around
30%.

Change in reservoir level

DA Normal BM Voll Voi2

mr0l mr02 W03 Wr04 W05 WrO6 WrO7 W02 W03 W10 mrll

Figure 25: Change in reservoir level week 27.
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6.5.3 Introducing Penalty Functions

As explained in Section penalty functions are introduced in order to
force reservoirs to stay closer to a chosen target level. Penalty functions are
applied to reservoir 7 only and are the same as those shown in Figure [0}

Figure [26] shows that the volume of reservoir 7 is reduced less than without
the penalty functions, from -41.84% to -26.96%. The penalty cost of this
change was 180 EUR/day, while the total objective losses amounted to 300
EUR/day, making the net loss 120 EUR/day. This corresponds to a 0.01%

decrease in total income.

Reservoir level change

Normal BM With penalty

mr0l mr02 Wr03 wrl4 mr05 mr06 mr07 W02 Wr0% mrl0 mrll

Figure 26: Change in reservoir level week 27 with and without penalty
functions.
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7 Analysis

This section covers a discussion of the results. The findings from the opti-
mization of the original model will be described in the Section [7.1] Section
[[.2] covers a discussion of the results from the simulations where the model
is modified.

7.1 Model Characteristics

7.1.1 Optimal Expected Income

Table [7] and [8] compare the expected income when participating in the bal-
ancing market in addition to the day-ahead market. As the tables demon-
strate, the highest increase in expected income occurs in the depletion sea-
son, constituting an additional gain of 20.75 kKEUR per day. The benefit of
participating in BM is also notable for the other seasons.

This finding is as expected with the following reasoning. Suppose the DA
allocation from the simulation without the BM should be kept with no
changes. It is clear that allowing trade in the BM afterwards would provide
at least the same solution. Most likely the solution will be improved, as
some prices in the BM should provide beneficial trade options. In addition,
letting the model choose the optimal allocation in the DA based on the
expected BM price will provide an equal or better solution. Some scenar-
ios could provide worse results, which will be further discussed in section
but the expected total outcome will always be at least as good when
including more trade options.

The results presented in the tables also provide information about how
the gains are achieved. When the total income from the DA increases by
including BM, the BM income is negative. This is the case in week 1, 14
and 27, as shown in Table [§l This indicates that the gains are achieved
by bidding more into the DA and then down-regulate in the BM. The vol-
umes traded in the different markets support this conclusion. Graphs that
show the volumes are found in results.xlsx under the tabs named ” Compare
<week number>".

For week 44, the DA income is unchanged and the BM income is posi-
tive. With the above reasoning, this indicates that up-regulation is domi-
nant. However, the volume graphs show that there is slightly more down-
regulation. Hence, there is more volume traded as down-regulation, but the
prices make the total income larger from up-regulation. This explains the
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positive BM income in week 44.

The increase in value of the unused water is smaller in week 14 and 27
when including the BM. This indicates that the overall production level is
increased. The opposite is the case for week 1 and 44.

7.1.2 Impact of Price Volatility

Figure shows that when the volatility of the balancing prices increase,
the overall income increases. This is as expected. The original solution
shows that the optimal solution is to use the price difference between the
DA and the BM to create increased revenues. When the price difference
increases, the revenues are likely to increase or at least stay unchanged.

Furthermore, the profitability in both markets is affected. This is illustrated
in Figure [I7] and The DA income increases or remains unchanged with
price volatility in all the seasons. Since down-regulation was dominant in
all the four weeks with normal prices, it is to be expected that the model
will down-regulate even more as the volatility increase. Bidding more into
the DA opens up for more down-regulation in the BM.

The BM income is most affected by the changes, with the income expected
to decrease with the volatility in most of the cases. In week 27, for instance,
the balancing income is expected to decrease with 107.1% and 340.7% for
Voll and Vol2, respectively. The decrease in BM income corresponds well
with the above-reasoning that the model aims to down-regulate more as
volatility increases.

The Vol2 case in week 14 and 44 deviate from the general pattern. While
the absolute value of the income in the BM becomes larger in the dom-
inating direction with increasing volatility, the opposite happens in these
cases. This indicates that there is a turning point where the benefits from
the opposite direction becomes dominating. In week 14, this means that
up-regulation constitutes a larger share of the income than before. A rea-
son for this could be that further down-regulation gives end reservoir levels
that result in low water values. Each additional unit of down-regulation
will give decreasing benefits as each additional unit in the reservoirs will be
decreasingly valuable.

The deviation in week 44 has a similar explanation as above. As explained

in Section[7.1.1], the traded volumes show that down-regulation is dominant,
even though the income in the BM is positive. The reason that the BM in-
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come changes direction in the Vol2 case is likely because the income from
up-regulation reaches a maximum. Because the volume traded in the DA
is close to the maximum capacity, approximately 912 out of 990 MWh/h,
the possibility of up-regulation is limited. The negative income from down-
regulation therefore becomes dominant.

7.1.3 Seasonal Variations

Seasonal variations should be reflected by the increase in water value, which
is shown in Figure[I9] The reason is that the goal of the seasonal planning is
to handle the reservoir level to yield optimal income over time. This means
that during the filling season, the reservoir levels should generally increase,
while in the depletion season they should decrease.

As Figure illustrates, this is also the case. In week 1, 14 and 44, the
water value is reduced, which means that the reservoirs are emptying. The
opposite is the case for week 27, when the reservoir fills up again. This in-
dicates that the connection to the long term scheduling through the water
values works as intended.

7.1.4 Impact of German Market Prices

Section presents the main results when German market prices are im-
plemented in the model. The most important findings are illustrated in
Figure 20} and the changes in the objective value are specified in Table [0
The revenues are 15.28% lower than in the Nordic price case when the BM
is not active. When the BM is included, however, the objective function
increases by 59.61% from the original income of 334.74%. The new income
is 28.48% higher than the same scenario with the Nordic prices. Thus, the
results suggest that value of including the BM is even higher if the prices
develop to become more similar to the German prices. This is expected to
happen, as explained in Section [5.2.1.4] and underlines the need to include
the BM in production planning.

As Figure 20]shows, the income does not increase as much with price volatil-
ity with the German prices as with the Nordic. In fact it is slightly reduced
in the Voll case. This can be explained supported by the illustration in
Figure A consequence of the volatile German DA prices is that some
DA prices will be very high and other prices very low. This will lead to
very high and very low DA volumes, respectively. The results in the Excel
sheet results.xlsx under the tab ”Compare Ger” verifies that this is the case.
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Because the traded DA volumes are close to either the production cap or
zero the regulation in one direction will often be limited, as illustrated in
Figure The trend in the BM will therefore be to down-regulate when
the DA prices are high and up-regulate when the prices are low. If there are
approximately an equal amount of hours with high and low DA prices, the
overall BM outcome will not change notably. Both the negative BM income
when the DA prices are high and the positive BM income when the DA
prices are low will increase, but the sum of the BM income changes little.

Maximum tradable volume

BM-volume restricted __y,- A : -
by production cap
high DA volume
v ) ) .
Increasing BM price volatility
Down-regulation to optimal :
production level : . >
v A
v A . _
H Up-regulation to optimal
— : production level
Increasing BM price volatility
A
Low DA price,
low DA volume BM-volume restricted
4 by zero production

Zero volume

Figure 27: Illustration of how DA price volatility limits BM regulation.

Figure [21] confirms that this could be the case. The DA income is increased
slightly with price volatility, which allows more down-regulation than in
previous results. The difference compared to the Nordic DA price case is
that the DA volumes are already close to the production limit. By bidding
more in the DA, the income from up-regulation will be reduced. In compari-
son, Figure 28| shows a case which is common with the Nordic prices, where
a moderate volume is traded in the DA. Even if the DA volume should
be increased slightly in order to allow more down-regulation, there is still
room for up-regulation if required. The result is that with the German DA
prices, the increase in DA income and remaining water value barely covers
the decrease in income in the BM.
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Maximum tradable volume

A

Average DA price,
medium DA volume

\J
B ——
Increasing BM price volatility

Zero volume

Figure 28: Illustration of normal DA prices and corresponding BM regu-
lation.
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7.2 Model Modifications

7.2.1 Including the RKOM

With the RKOM restrictions included in the model, the objective value is
reduced by up to -10.91 kEUR per day, as shown in Table [10] and The
tables also show that the DA income is reduced, while the BM income is
increased with larger RKOM capacity. This is as expected, as the restric-
tions force the producer to hold back in the DA and sell up-regulation when
needed. The up-regulation volume in the BM is also larger or equal to the
reserved capacity for all scenarios with higher BM than DA price, see Excel
sheet results.xlsx in Appendix [C] This indicates that the implementation
works as intended. An explanation of the implementation is found in Sec-

tion @.1]

The goal of this implementation is to estimate a price per MW /h that
the producer would need to get payed in order to break even compared to
not trading in the RKOM. This is done by using Equation

prion _ AObj 1000

" XRKOM 418§ (12)

AObj is the reduction in objective function in kKEUR, compared to the Nor-
mal BM case. XPKOM ig the reserved RKOM capacity, measured in MW /h
in each of the 18 daytime hours. The resulting price per MW /h, PRKOM
is listed in Table [[4l

Table 14: RKOM price required to break even for different reserved RKOM
capacities.

PREOM [EUR/MW /h]

RKOM volume [MW /h] | Week 1 ‘ Week 44
20 7.44 1.67
50 7.53 2.37
80 7.58 2.67

RKOM is a new market, thus the only existing market data available is
from the winter 2014/2015. This data can be found in Appendix @ The
data shows that the traded capacity in the RKOM was highest in the weeks
2 through 10. The price peaked in week 6 at 10.6 EUR/MW /h, using an
exchange rate of 8.5 NOK/EUR, which was the only price level that would
make it beneficial for the producer to participate in week 1. The PRKOM
in week 44 is lower, but it would not be beneficial to trade before the price
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reaches the level of week 3, i.e. 1.765 EUR/MW /h.

The producer takes a risk by participating that is not accounted for in
the above calculations because the RKOM is cleared for an entire week at a
time. This risk will be weighted against the expected increase in revenues.
The results show that the conditions for which the revenues are increased
were rare during the winter season 2014/2015. Therefore, the RKOM does
not currently seem very attractive for this particular producer. However,
this conclusion may change if the RKOM prices rise in the future.

7.2.2 Handling Risk

The ten scenarios that are highlighted in Table are affected when the
safety level of risk is introduced. As the table shows, it is scenario 18, 19,
32 and 33 that force the change in the market income as these originally had
a lower income than the applied safety level. These are all scenarios with
a relatively high probability. Each of scenario 18 and 32 has a 4.33% and
scenario 19 and 33 a 6.42% probability of occurring, which makes the total
probability of ending up in any of these scenarios 21.50%. The probability
of the BM scenarios, given a DA scenario, are displayed in Table [

The outcome in all of these scenarios is significantly improved. When A =1,
the 21.50% chance of ending up in a scenario with losses around 20000 € is
reduced to a 8.7% chance of a loss of 1000 €. This is at the cost of a 2300
€ reduction in expected income, as Table points out. This is valuable
decision support for a producer.

An interesting observation in Table is the distribution of the risk. As
mentioned above, all the scenarios that constitute a risk are relatively proba-
ble. The scenarios with very low probability all give positive income changes,
most of them give very large incomes. This is also valuable knowledge for
the producer as there are no scenarios with very low probability and dra-
matically worse income than in the DA Only case. This means that if the
producer choose to disregard the risk, he will experience low-income days
relatively frequently, but no extreme negative days. The producer will have
to decide whether or not the frequent low income days are worth the ex-
pected increase in income.

The safety-first strategy is rigid, as it does not weigh unfavorable outcomes
with respect to probability. Regardless, the results show that it efficiently
removes risk connected to unfavorable scenarios. It is however important
that one does not confuse this reduction in risk with the risk of inaccurate
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scenarios. The latter is connected to the likelihood of being wrong when
predicting the future and is not examined in this thesis. The implemented
risk reduction is based on the assumption that all the scenarios and corre-
sponding probabilities are correct.

7.2.3 Comparing Reduced Risk with RKOM

Figure |23| shows the distribution of the income when the safety level of risk
is introduced. The income in the DA and the negative income in the BM
are both reduced. Less volume is traded in the DA and the trade in the
BM is shifted upwards with less down-regulation and more up-regulation.
As down-regulation is the general trend in all weeks, this leads to the con-
clusion that the risk is reduced when the balancing market is utilized less.

Table [10] and [L1] display the same for the RKOM simulations for week 1
and 44, respectively. The tables show a pattern that is very similar the
pattern in the risk reduction simulations. It was therefore interesting to
compare the volumes in these scenarios.

Figure and confirm the similarities found in the income distribu-
tion. Both when the risk level is increased (A is decreased) and when the
RKOM capacity is increased, the volume is shifted from the BM over to the
DA. Clearly, the expected outcome is increased by bidding more into the
DA and then buy down-regulation in the BM to avoid producing too much.
The risk is connected to scenarios where the BM price is higher than the DA
price so that the producer will be forced to produce more than otherwise
optimal. The cap that the RKOM impose on the DA volume reduces the
risk of having to produce too much, which is why the RKOM results are so
similar to the results from simulations with reduced risk.

With respect to what was mentioned in Section there is a risk in
making a decision to reserve capacity a week before it is produced. The risk
implementation, however, shows that the risk is reduced when less volume
is traded in the DA. Hence, the producer must consider following aspects
when deciding whether to bid in the RKOM or not; he must weigh the risk
involved in allocating capacity a week ahead against the possible increase in
income and the reduction in risk caused by the change in bidding strategy.
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7.2.4 Including Penalty Functions

Figure shows the change in reservoir levels with and without penalty
functions on reservoir 7. The behavior in this reservoir changed as intended
as the large negative change in reservoir level is reduced. The change in
objective value is small because the reservoir is small compared to the sys-
tem size, see Section [5.1} This supports the assertion that small reservoirs
should not be handled by long term water values as these have very little
impact on the objective value.

With the penalty functions included in the model, the water value of reser-
voir 7 was not excluded from the objective. The model will still weigh the
penalty cost of deviating from the target volume against the other benefits,
including the value of the unused water. This is acceptable for the pur-
pose of testing the impact of penalty functions. The results are directly
comparable with previous results as only an additional cost is added. For
real life use, it may however be better to exclude the reservoirs that are
being handled by penalty functions from the water value calculations. This
is because the reason for including penalty functions was to find a way to
handle reservoirs that are regulated on short-term basis. Long term water
values are not necessarily suitable to handle such reservoirs.

If one should exclude reservoir 7 from the water value calculations, the
penalty cost would still be weighted against the remaining sources of in-
come. It is in this case important that the cost reflects the short term
optimal production plan, so that the penalty cost reflects the cost and risk
involved in deviating from the target volume.
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8 Conclusion

The results of the optimization have shown that a hydro power producer in
the case-study area increases the expected income by participating in the
balancing market. The results suggest that by utilizing the balancing mar-
ket, the profit may increase with 5.24%, 5.86%, 0.65% and 2.35%, for week 1,
14, 27 and 44, respectively. This is compared with the original income when
bidding into the day-ahead market only. The highest increase in expected
income occurred in week 1, i.e. the depletion season. It constituted an addi-
tional gain of 20.75 kEUR per day, from an original income of 415.88 kEUR.

The model was also run with German day-ahead prices for week 1. This was
to account for a stronger future connection with the German market and
because the German power market already has a large share of intermittent
generation. With these prices, the gain from including the balancing mar-
ket was even greater than with the Nordic prices. The increase was 199.54
kEUR per day, which corresponds to a 59.61% increase from the original
income of 334.74 KEUR.

To simulate a higher share of intermittent generation, the price volatility
in the balancing market was increased. This lead to a further increase in
income in both cases, though the effects were greater with the Nordic prices.
Regardless, these findings underline the need to include balancing markets
in production planning.

While the benefits of including the balancing market in the production
planning are clear, it is important to be aware of the added risk of doing
so. A safety-first strategy was applied to examine how the risk could be
reduced. The result showed that the risk could be reduced from approxi-
mately a 21.5% chance of a 20 000 € loss to a 8.7% of a 1 000 € loss by
changing the bidding strategy. The cost of this reduction was a decrease of
2300 € in expected income. The losses are reduced income compared to the
results from including the day-ahead market only. This information gives
the producer valuable decision support.

In addition to the day-ahead and the balancing market, the capacity mar-
ket, RKOM, was implemented. The results indicate that it is not presently
profitable to participate in this market. However, the changes in bidding
strategy that were necessary when RKOM was included were similar to the
changes that were done to reduce risk. This may make a producer willing
to participate even though the expected profits are reduced. Furthermore,
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it may be attractive to participate in the RKOM in the future if the prices
of capacity reservation increase sufficiently.

A consequence of the model being a prototype that is not fully developed
is that certain implementations need tuning. Problems related to reservoir
behavior and spillage emerged in early simulations. Several improvements
were done to solve these, including new restrictions on spillage and the
introduction of penalty functions to handle reservoirs. With the penalty
functions included in the model, the behavior of the reservoirs changed as
intended. The large negative change of reservoir level that was observed
in reservoir 7 got reduced. The final results also showed that the spillage
restrictions worked as intended.
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There are aspects of the optimization model than can be further investi-
gated to improve the validity and application of the results. The most no-
table improvement potential is the price scenario generation, as this model
input has a great impact on the result. In reality, a hydro power producer
spends a large amount of resources when generating price forecasts because
it is critical to have accurate forecasts when planning future power produc-
tion. These forecasts are often confidential and were therefore not possible
to acquire. Running the model with comprehensive future price forecasts
would be valuable to validate the findings in this thesis.

With the German market prices introduced to the model, the reference price
in ProdRisk was found by scaling the German average day-ahead prices to
equal the Nordic price levels. This means that the water value cuts calcu-
lated in ProdRisk are based on Nordic prices. Although it is not expected to
have a major impact on the result, an improvement is to change the price
input in ProdRisk for the German market case. This will generate more
accurate water value cuts.

The RKOM-H results showed that the capacity market is not presently
very attractive, but this may change in the future. Hence, it is relevant
to extend the RKOM implementation to include RKOM-B. Furthermore,
Nord Pool Spot is regularly implementing new functionality in all markets
that should be implemented in the model.

To achieve a complete model of all the existing markets, one could also
consider to incorporate the intra-day market. This is however not recom-
mended to prioritize because of the following reason. When the model is
run, the producer gets information on how to act on the balancing market
prices. The intra-day market is a continuous market that gives similar trad-
ing opportunities as the balancing market. Therefore, the producer already
has the information needed to make decisions when considering offers in
the intra-day market. The producer only has to consider these offers com-
pared to the chance of getting even better prices in the balancing market.
Therefore, implementing the intra-day market does not necessarily provide
additional decision support.

The results of the simulations suggest that it is profitable to participate in

the balancing market, which means the generator production may change
frequently. The model provides information about the production pattern
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of each generator, however detailed study of this is not performed in this
thesis. It is important to evaluate the consequences the production behav-
ior may have on the machinery, reservoir and rivers. Challenges related to
e.g. sediments, maintenance and river flows might arise. These should be
examined in order to obtain a complete overview of the impacts from the
changes in production planning.
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A Mathematical Model Description

All the determinants are defined systematically in the model by using differ-
ent types depending on what it represents (endre formulering). The sets are
written in CAPZT AL CALLIGRAPHIC letters and parameters in capital
Latin or Greek.

Indexes and decision variables are written in lower case Latin, except bi-
nary variables, which are written in lower case Greek letters. Subscript is
used for indexes, while superscript is used to describe the type of variable
or parameter. The superscript on sets indicated that they are subsets or
a part of a larger set. Parameters marked with an over- or underline are
upper and lower limits, respectively.

Set
S Scenarios
M Scenario tree stages
N Scenario tree nodes
N, Nodes within stage m in M
Sn Scenarios going through node n in A/
T Operational time periods
T™ Market periods

TA=TUTM All periods

R Reservoirs

RDP, RS RE Reservoirs who’s discharge, spillage and bypass flow into r

TP, 7;“? , T2 Time periods when water is discharged, spilled or bypassed
from reservoir # to arrive downstream at t

J Water value cuts

Gr Generators connected to reservoir r in R

g All generator sets combined (G = U,crG,)

A Line segments on the PQ-curve

K Thermal generators

Bpa, Beum Break points/segments in day-ahead and balancing

market bid curve

A-1



A MATHEMATICAL MODEL DESCRIPTION

Indexes

s Scenario in S

t/t  Time period in T4

r/f  Reservoir in R

Number of operational time periods (normally 24)
Length of the time periods (normally 1 hour)
Probability of scenario s in S

Regulated and unregulated inflow

Upper and lower reservoir level

Upward and downward reservoir ramping limits
as percent of capacity

Maximum and minimum release
Maximum and minimum bypass

Upward and downward discharge ramping limits

Spillage cost limit

j Water value cut in J
g Hydro power generator in G
1 Segment in 7
k Thermal generator in K
b Break point/segment in Bpa or Bgy
Parameters
Tmaz
TL
Py
R U
77&5’ rt
Q. Q"
—AV
Qv @~
—R
Q,, QF
—B
Qr, Q"
—AD A
Q.7 @~
—S
Q,
Spill

T

D,Lag S,Lag B,Lag
Tf‘ ’ Tf‘ ) Tf

Marginal cost of spillage above the spillage cost limit

Time it takes for discharge, spillage and bypass
flows from reservoir 7 to end up in downstream

reservoir (description in (3.9)



C tart
%‘tart

Eqi

W, W

9y —/—g

—Tot

pBM
Pts
—BM

BM
Pts ’ Bts

BM+ BM—
Pts i Pts

Mimimum total discharge for each generator

Maximum discharge for each line segment
Generator start up cost

Power per unit discharge at line segment i
Maximum and minimum hydro power production,
respectively

Maximum total hydro power production

Reservoir level at cut j as percent of total capacity
Total water value at reservoir levels given by Q;/ j
Slope of water value for change in reservoir level r at cut j

Operation cost of thermal generator k per time period

Maximum and minimum thermal production

Day-ahead market price

Upper and lower bid limit for the day-ahead market
Price points in supply and demand bid curve for
the day-ahead market

Balancing market price

Upper and lower bid limit for the balancing market

Price points in supply and demand bid curve for
the balancing market
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Continuous variables

@Yss Reservoir level of r at the end of time period t

qlt, Released water from r in time period t

Qs Spillage from r in time period t

Qrts Bypass from r in time period t

qyt The sum of discharge, bypass and spillage that will arrive
in reservoir r after the the end of the planning horizon

fg” Spillage cost for spillage from r in time period r

Ug Water value of final reservoir levels

q%s Discharge through g in time period t

Qyits Discharge in segment i for generator g in time period t

Wgts Hydro power production from generator g

c?tt;"t Start up cost for generator g

Whts Thermal production from generator k

whvmP Produced energy that is not being sold. Dump variable

DA+ DA—
Lpts 5 Tpts

to avoid infeasebility

Supply and demand volume in day-ahead market at
break point b

y£A+, ygA_ Accepted supply and demand volume in day-ahead
market

M 2PM= Supply and demand volume in balancing market at
break point b

ng *, ng ~  Accepted supply and demand volume in balancing
market

ytlf * ytIsB B Positive and negative imbalance volume

Binary variables

vqts Generator state: spinning = 1 or not spinning = 0

General notes

In addition to these, many of the variables are given initial values, such
as the reservoir level and different flows. An index of 0 for any variable
indicates that it is in fact an initial value given as input parameter.

Some conversion factors might also be needed some places in the model.
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Since these might vary depending on the input data, they are not included

in the description.

Model functions

Objective

Obj ==Y 8,33 e

seS teT reR

T2 S

seS teT geg

=D 5D D Gl il

seS teT kek

seS

+ Z Ss Z Cftart (7gT9 'Yg()e)
SES g€eg

S IEH ST
seS teT
Y Y B )
seS teT

Reservoir mass balance

A7 L S P
Aris = qrt 1s +T ( rts q’rts Qrts — q’(‘tb)

+Z ZTLrts+Z ZTLN&

FERP teTD PERI LTS
+ T rts + T rts
TERE teT?h TeRE teTh

,ZrERteT,s€S

Mass balance between reservoir and generation

Zqﬁs:qrte q7f€+Qrte 7TER7t€TaSES
g€g

Water value cuts

= > j(qygmass + @5 — Qrj) < U; = U°
reR

(A.10)



A MATHEMATICAL MODEL DESCRIPTION

End flow between reservoirs

T T
%"/j = Z Z Ttngs + Z Z Ttngﬁs

r€RP t=7-_1TP-Le9 11 r€RT t=T-T5 L9 ]
" r " (A.11)
+ Z Z TE¢E,, reRteT,scS
reRB t:TfovL“9+1
Ramping and discharge limits
—V —AV—=V
~TPQAVQ, <qh — )i, < -T"Q, Q,, TERLET,sES
(A.12)
—AD
TR QMY < qf, —df 1, < -T"Q, ", reR,teT,s€S8
(A.13)
Spillage cost
; ; —5
Pl > ofpill s Q) reRteT,seS (A.14)
Power generated on each line segment in the PQ-curve
wgts:ZEJ*qgts, geG,teT,seS (A.15)
i€Z,
Aggregated discharge across all line segments
quts: Zq_ﬁts, geg,teT,seS (A.16)
=
Maximum release and bypass
—R
aps < Q, (A.17)
—B
g < Q, (A.18)
Minimum release and bypass
Ggis > Q7 (A.19)
Ggie > Q7 (A.20)
Minimum discharge and production if spinning
Ggts > Q) *ygts (A.21)
wyrs > W xygts (A.22)
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Maximum discharge and production if spinning (0 if not spinning)

—D
qﬁs <Q, *7gts (A.23)
Start up cost
cifg” > C’gmrt(’ygts —Ygi—1s); TER,t€T,s€S (A.24)

Energy balance between production and market volumes

Dump __
Wgts wkts_wt,s -
9€g kex

_ A.25
yDA+ _ yDA= | BM+ ( )

Tyl -y, teTses
Total activated supply in the day-ahead market

PDA DA+ DA+ _ pDA
PRA — PY P, P,

yDA+ _ “ts gDA+ 4 it ts DA+
ts ~ pDA+ DA+ “b+1t DA+ DA+ bt
Pb+1t *Pbt ’ Pb+1t *Pbt ’
: A > A
Af PRAY < PRA<PRAT, b=1,.,BP*—1teT seS
(A.26)
Total activated demand in the day-ahead market
pDA DA— DA—  5DA
ytDAf _ Pts _belt beAf Pbt _Pt[s) xllyjAf
s~ pDA— DA— b+1ts DA— DA— Lbts
Pbt - beu Pbt - beu (A'27)
Jif PPAT < PPA<PPA- b=2,..BPAtcT,scS
Bid curve monotonicity day-ahead market
ap it <aPAT, b=1,..BPA-1teT ses (A.28)
P AT <apdt b=2,..,BPAteT,seS (A.29)

Total activated supply in the balancing market

BM BM > BM P 7
yBA4+:{ Thy P Byt +§~P£M<Pb+1t?/\Pt€A§P£M
ts 0 : pPA > pBM (A.30)
=1, BB _1teT,seS
Total activated demand in the balancing market

BM+ . BM— P BM BM— PDA P BM
yﬁM-‘r — { Tp—_1ts -+ Ii)bts S~Pts < belts /\Pts > Pts
: 0 : PRA < pRM (A.31)

b=2,... BB tcT se8

A-7



A MATHEMATICAL MODEL DESCRIPTION

Bid curve monotonicity balancing market

BM BM BM
Ty T <Mt b=1,.,B"M —1teT,seS

BM BM BM
z M <apMt b=2,..,.BMteT,se8
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B Mathematical Description of Penalty Func-

tions

Set

RTar  Reservoirs handled by target level and penalty function.

Pr Break points on penalty function.
Parameters
pMaz Last break point on penalty function.
pTar Index in P, of target reservoir level.
Preak Reservoir level at penalty function break point as per cent

of total reservoir capacity.
Crp Slope of the penalty function (absolute value).
Cf;g”” Fixed part of the penalty functions.

Variables
clen Penalty cost for each reservoir.
clot Total penalty cost to be subtracted from objective.

Pre calculations
Calculates the fixed part of the penalty functions.

Fi Break , AV
CT’;{TQT = OT7P7"T(LT' * QT’;?}QT * Qr /100 , T S R
—=V
Break
Fiz rpTor * Q,
C’r‘ PTary] = _CT,PTT“T+1 * , T E R
o 100
B'r‘ealk * @V
Fix __ Fix P T
Crp =Crptiy + — 100 * (Crp—1 — Crp)

,TER,pE PTT‘" + 2..P7M‘””

Break * @V
Fizx Fizx r, r
Crp” = Cr,zl:H + L 100 # (Crp — Crpy1)

,reR,pel.PTom 1
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B MATHEMATICAL DESCRIPTION OF PENALTY FUNCTIONS

Model Restrictions
Penalty cost greater or equal to every penalty function at given reservoir

level.

C:;en 2 707"1—7 * QXTMLLI,S + Cf;z;m T E Rv ERS Svp € 1"P7,’TaT (B5)
cfse" > Crp * qXTMM’S + C’f;f‘” ,reR,se8S,pe PTT{”’..PTMQz (B.6)
clot = Z chen se 8 (B.7)

reRTar
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C Excel Sheets

Several Excel sheets have been used at different stages of the project work,
either to convert data to appropriate formats or to process output data. This
appendix show a list of these with a short explanation for each. The Excel
sheets are are gathered in the zipped folder ” ExcelSheets_OptHydroSched.zip”
that accompanies this report.

PriceStatistics.xlsx
Excel sheet use to perform statistical analyses of historical DA and BM
prices.

ScenariosNordic.xlsx & ScenariosGermany.xlsx
Excel sheet containing all the price scenarios that are used in the different
simulations.

results.xlsx

All results where imported from .txt-files into this sheet and processed to
produce the different tables and figures presented in Section [6] The blank
sheets contain the imported data with no modifications. The colored sheets
contains processed data with cell references to the output data sheets.

PQcurves.xlsx

The PQ-curves are calculated in this sheet. Generator and turbine efficiency
curves were copied into the sheet and the Matlab script in Appendix [E] was
used to adjust generator efficiency and output power to correspond shaft
power (see Section . Basic Excel functions were then used to calculate
the PQ-curves.
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D RKOM Market Data

Table[L5|contains the available market data [25] as of 19.05.2015 for RKOM-
week. There were no trade in RKOM-night. Only weeks with trade in
RKOM-H and/or RKOM-B is shown.

Table 15: RKOM-day market data for 2014/2015 from Statnett. Prices
displayed are per MW /h. A conversion factor of 8.5 NOK/EUR, was used.
There were either no trade or no data available for weeks not displayed.

RKOM-H day RKOM-B day

Volume  Price Price | Volume Price Price
Year Week | [MW] [NOK] [EUR] | [MW] [NOK] [EUR]
2014 50 30 4.5  0.529 170 4.5  0.529
2014 51 0 0 0 240 4.5  0.529
2015 2 90 5 0.588 393 5 0.588
2015 3 290 15 1.765 344 5 0.588
2015 4 410 50  5.882 466 7.52  0.885
2015 5 415 60  7.059 533 9.02 1.062
2015 6 382 90 10.588 376 9 1.059
2015 7 395 40  4.706 481 8 0.941
2015 8 430 40  4.706 349 8 0.941
2015 9 420 40  4.706 358 7.52  0.885
2015 10 105 5 0.588 127 5 0.588
2015 19 70 9.98 1.174 721 9.98 1.174
2015 21 220 9.9 1.165 492 9.9 1.165
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E Matlab Script for PQ Calculations

© 0 N U A W N e

AR A A A A A R W W W W W W oW W W WNNNDNDNNNNNNE B R R e e e e
N o 0k W HE O O ® N0 AN = O ©®E N0 A WN RO © OO U A W N~ O

% Sist redigert: 22.10 kl. 23:45
function [Done] = CalculatePQcurves (HydroPlant)

%$Read output MW from generator efficiency table

GenOut = xlsread('PQcurves.xlsx',HydroPlant, 'A4:A11");

%Read generator efficiencies from generator efficiency table
GenEff = xlsread('PQcurves.xlsx',HydroPlant, 'B4:B11");

%$Read discharge from turbine efficiency table

Discharge = xlsread('PQcurves.xlsx',HydroPlant, "A15:A22");
%$Read turbine efficiencies from turbine efficiency table
TurbEff = xlsread('PQcurves.xlsx',HydroPlant, 'B15:B22");
%$Read head

Head = xlsread('PQcurves.xlsx',HydroPlant, 'B14");

%$Find the size of the turbine efficiency table

DisSize = size(Discharge,1);

%$Initialize the generator input corresponding to each discharge
GenInput = zeros(DisSize,1);

%Calculate the input to the generator for all dicharges
for i = 1:DisSize

GenInput (1) = 9.81%10" (-3) *TurbEff (i) xDischarge (i) xHead;
end

%$Initialize power output and generator efficiency
PQ = zeros(8,1);
N = zeros(8,1);

%$For all discharge levels, calculate output power

%and generator efficiency.

for i = 1:DisSize
%$Iterates through the generator efficiency table to find the
$closest match below the ouput power calculated from the
$input power

j=1

while (GenInput (i)+*GenEff (j)) >= GenOut (j) && j+1 <= DisSize
j = j+1;

end

if § == 1
Jj o= 3+1;

end

$Initialise the temporary ouput power by setting it equal to
$input power times generator efficiency found above

TempOut = GenInput (i) *GenEff (Jj);

$Interpolate in the generator efficiency table to find




E MATLAB SCRIPT FOR PQ CALCULATIONS
48 $corresponding efficiency
49 TempN = GenEff (j-1) + (TempOut-GenOut (j-1))*...

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

end

(GenEff (j)-GenEff (j-1))/ (GenOut (J)-GenOut (j-1));

%$Use temporary efficiency to find new output, interpolate to
$find new efficiency, rince and repeat until the difference
$between the temporary output and the generator input times
$the temporary efficiency is less than 0.000001.
while (TempOut - GenInput (i) *TempN) >= 0.000001

TempOut = GenInput (i) *TempN;

TempN = GenEff (j-1) + (TempOut-GenOut (j-1))~*...

(GenEff (j)-GenEff (j—1))/ (GenOut (j) -GenOut (j-1));

end
$Save the final temporary output and efficiency to PQ and N
PQ (i) = TempOut;
N(i) = TempN;

$Writes results to excel. The variable "Done" is 1 if writing PQ
$was successful, otherwhise 0.
xlswrite ('PQcurves.xlsx',N,HydroPlant, 'D15:D22");

Done

= xlswrite('PQcurves.xlsx',PQ,HydroPlant, 'E15:E22");

return;
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F Matlab Script for ProdRisk Price Input

© 0 N U A W N e

[ = S
B W N = O

15
16
17
18
19
20

%$Divides price data from 1996 to 2014 into price sections to be
%used in ProdRisk.
priceSec = [];
for year=1996:2014
prices = xlsread('Excelark\DAprices,NOK',numZStr(year),...
'B1:Y364");
priceSecTemp = [];
for i = 0:7:364-7
secl = mean (mean ([prices (i+1:1+5,9:11), ...
prices (i+1:1+5,15:17)1));
sec2 = mean (mean([prices(i+1:1i+5,6:8), ...
prices (i+1:1+5,12:14)1));
sec3 = mean (mean([prices (i+1:i+5,1:5), ...
prices (i+1:1+5,18:22)1));
sec4d = mean([mean(prices (i+1:1+5,23:24)),...
mean (prices (i+6:i+7,:))1);
priceSecTemp = [priceSecTemp;secl,sec2,sec3,secd];
end
priceSec = [priceSec;priceSecTemp'];
end
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G Matlab Script for Statistical Analysis of
Prices

1 % Function to run statistics on historical prices.

2 % Input is a 3-column matrix, A, with DA and BM prices in column
3 % 1 and 2 and the difference between them in column 3. Title is
4 % the name of the data series.

5 function diffCount = Statistics(A,Title)

6 pngPrint = 1;

7 c = size(A,1);

8 minDiff = floor (min(A(:,3)));

9 maxDiff = ceil (max(A(:,3)));

10

11 %$Plots histogram of DA-RK price differences.

12 histFig = figure('Name', [Title, ': Number of occurences', ...
13 'for intervals of DA-RK price difference']);

14 set (histFig, 'Visible', 'off');

15 hist (A(:,3),2* (maxDiff-minDiff));

16

17 savefig(['Figures\',Title, 'Hist']);

18 % Finds the number of occurencies of each DA-RK price

19 % difference, rounded to the nearest integer. Previousely
20 % used to make histogram plot. May multiply values to

21 % split into more intervals.

22 diffCount = zeros (maxDiff-minDiff+1,1);

23 for i = 1l:c

24 k = round(A(i,3)) minDiff+1;

25 diffCount (k) = diffCount (k)+1;

26 end

27

28 % Counts the number of up, down and no regulation for 6

29 % intervals around the mean value for the whole price period.
30 % Used to check if there is any correlation between DA price
31 % and DA-RK price difference.

32 stdAvvik = std(A(:,1));

33 middelverdi = mean(A(:,1));

34 DAdiffCheck = zeros(6,6);

35 for i = 1l:c

36 if A(i,1) < middelverdi - 2*stdAvvik

37 if A(i,1) == (i,2)

38 DAdiffCheck (1,2) = DAdiffCheck(1l,2)+1;

39 elseif A(i,1) < A(i,2)

40 DAdiffCheck(1,1) = DAdiffCheck(1l,1)+1;

41 elseif A(i,1) > A(i,2)

42 DAdiffCheck (1,3) = DAdiffCheck(1l,3)+1;

43 end

44 elseif A(i,1) < middelverdi - stdAvvik

45 if A(i,1) == A(i,2)

46 DAdiffCheck (2,2) = DAdiffCheck(2,2)+1;
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G MATLAB SCRIPT FOR STATISTICAL ANALYSIS OF PRICES

47 elseif A(i,1) < A(i,2)

48 DAdiffCheck (2,1) = DAdiffCheck (2,1)+1;
49 elseif A(i,1) > A(i,2)

50 DAdiffCheck (2,3) = DAdiffCheck (2,3)+1;
51 end

52 elseif A(i,1l) < middelverdi

53 if A(i,1) == A(i,2)

54 DAdiffCheck (3,2) = DAdiffCheck (3,2)+1;
55 elseif A(i,1) < A(i,2)

56 DAdiffCheck (3,1) = DAdiffCheck (3,1)+1;
57 elseif A(i,1) > A(i,2)

58 DAdiffCheck (3,3) = DAdiffCheck (3,3)+1;
59 end

60 elseif A(i,1) < middelverdi + stdAvvik

61 if A(i,1) == A(i,2)

62 DAdiffCheck (4,2) = DAdiffCheck (4,2)+1;
63 elseif A(i,1) < A(i,2)

64 DAdiffCheck (4,1) = DAdiffCheck (4,1)+1;
65 elseif A(i,1) > A(i,2)

66 DAdiffCheck (4,3) = DAdiffCheck (4,3)+1;
67 end

68 elseif A(i,1) < middelverdi + 2xstdAvvik

69 if A(i,1) == A(i,2)

70 DAdiffCheck (5,2) = DAdiffCheck (5,2)+1;
71 elseif A(i,1) < A(i,2)

72 DAdiffCheck (5,1) = DAdiffCheck (5,1)+1;
73 elseif A(i,1) > A(i,2)

74 DAdiffCheck (5,3) = DAdiffCheck (5,3)+1;
75 end

76 elseif A(i,1) >= middelverdi + 2xstdAvvik

77 if A(i,1) == A(i,2)

78 DAdiffCheck (6,2) = DAdiffCheck (6,2)+1;
79 elseif A(i,1) < A(i,2)

80 DAdiffCheck (6,1) = DAdiffCheck (6,1)+1;
81 elseif A(i,1) > A(i,2)

82 DAdiffCheck (6,3) = DAdiffCheck (6,3)+1;
83 end

84 end

85 end

86 % Converts above numbers to percentages.

87 for i = 1:6

88 for j = 1:3

89 DAdiffCheck (i, j+3) =...

20 100+«DAdiffCheck (i, j)/sum(DAdiffCheck (i,1:3));
91 end

92 end

93
94
95
96
97

o

Counts the number of hours with up, down and no regulation
for each day and calculates the average DA price for that
day. Used to make scatter plot to check for correlation
with DA price and DA-RK price difference.

98 dayCount = zeros(c/24,4);

o° o

o\
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for i = 1:24:c
for § = 0:23
if A(i+3,3) == 0
dayCount ( (i+23)/24,3) = dayCount ((i+23)/24,3)+1;
elseif A(i+3j,3) < O
dayCount ( (1i+23)/24,2) = dayCount ((1i+23)/24,2)+1;
elseif A(i+3j,3) > 0
dayCount ( (1i+23)/24,4) = dayCount ((1i+23)/24,4)+1;

end
end
dayCount ( (1i+23)/24,1) = mean(A(i:i+23,1));
end
scatterDown = figure ('Name', [Title, ...

': Number of down-regulations at each price level']);
set (scatterDown, 'Visible', "off'");
hold on;
title ('Number of down-regulations at each price level',...
'FontSize',20);
xlabel ('Average daily DA-price [EUR/MWh]', 'FontSize',16);
ylabel ('Number of down-reguations', 'FontSize',16);
scatter (dayCount (:,1),dayCount (:,2));
savefig(['Figures\',Title, 'ScatterDW']);

scatterNo = figure('Name', [Title, ...
': Number of no regulation at each price level']);
set (scatterNo, 'Visible', 'off'");
hold on;
title ('Number of no regulation at each price level', ...
'FontSize',20);
xlabel ('Average daily DA-price [EUR/MWh]', 'FontSize',16);
ylabel ('Number of no reguation', 'FontSize',16);
scatter (dayCount (:,1),dayCount (:,3));
savefig(['Figures\',Title, 'ScatterNO']);

scatterUp = figure('Name', [Title, ...
': Number of up regulations at each price level'l]);
set (scatterUp, 'Visible', '"off');
hold on;
title ('Number of up-regulations at each price level', ...
'FontSize',20);
xlabel ('Average daily DA-price [EUR/MWh]', 'FontSize',16);
ylabel ('Number of up-reguations', 'FontSize',16);
scatter (dayCount (:,1),dayCount (:,4));
savefig(['Figures\',Title, 'ScatterUP']);

if pngPrint ==1
saveas(scatterDown,['Fiqures\',Title,‘ScatterDW'],’png');
saveas (scatterNo, ['Figures\', Title, 'ScatterNO'], 'png');
saveas(scatterUp,['Figures\',Title,'ScatterUP'],'pnq');
end
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Figure H.1: Number of up-regulations each day as function of average DA
price the respective day, week 18-39.
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Figure H.2: Number of down-regulations each day as function of average
DA price the respective day, week 18-39.
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H SCATTER PLOTS FOR REGULATION TREND ANALYSIS
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Figure H.3: Number of up-regulations each day as function of average DA

price the respective day, week 40-52.
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Figure H.4: Number of down-regulations each day as function of average
DA price the respective day, week 40-52.



	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	

	

	
	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	

	
	

	
	
	
	
	
	
	
	
	


	
	
	

	
	
	
	
	
	
	


	
	
	
	
	
	

	
	
	
	
	


	
	
	
	
	
	
	
	
	
	
	

