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Abstract

In an electricity system, demand and supply have to be balanced in real time. Therefore,
balancing power and energy are procured in the balancing markets. The market outcomes
may significantly differ from one country to the other dependent on the underlying
generation technologies and market design. In this paper, we have a look at the balancing
market prices of a hydro-dominated electricity system using Switzerland as a case study. By
using a short-term hydropower operation model and a set of Swiss hydropower plants, we
are able to identify a competitive benchmark for Swiss balancing market prices defined by
the opportunity costs of hydropower for providing balancing power. Our results show that
Swiss balancing market prices are influenced by several drivers but do not hint at any market
imperfections.



1 Introduction

In an electricity system, physical electricity demand and supply have to be balanced in real
time to keep the frequency stable. To ensure this system balance, balancing power and
energy are procured by the transmission system operators (TSOs) in the balancing markets.
On the supply side, multiple firms or plants of one or several technologies are providing
balancing power. In a system with a high share of conventional power plants like Germany,
most of the balancing supply is provided by conventional plants. Thus, prices for balancing
power and energy are defined by conventional power plants. In a system with a high share
of renewable energies, however, balancing requirements are also provided by renewable
energies. Since renewable technologies are dependent on natural circumstances like
weather or hydrology but have variable cost of zero or close to zero, balancing prices may
differ from conventional systems (Ocker, 2017; Ocker et al., 2016). In addition, renewable
energies may have an impact on the need of balancing power requirements (Hirth and
Ziegenhagen, 2015).

In this paper, we have a look at the balancing market prices of a hydro-dominated electricity
system. By taking Switzerland and its secondary reserve (Sekundarregelleistung (SRL))
market as a case study, we want to derive a competitive benchmark for the balancing
market prices for an electricity system with a high share of hydropower. To do so, we use a
short-term hydropower operation model and apply it to set of Swiss hydropower plants and
cascades. By starting with a simplified basic model and extending it by short-term trading
options, technical plant characteristics and uncertainty in the day-ahead market prices, we
are able to identify drivers of the opportunity cost of hydropower for providing balancing
power and thus the balancing market prices in a hydro-dominated system. Our results show
that opportunity costs for providing balancing power are mainly driven by cascade structure
and the size of the balancing market bid. In addition, our results show that short-term
trading options, head effects as well as uncertainty in day-ahead market prices all can have
an impact on the overall costs for providing balancing power. Comparing costs of
hydropower for providing balancing power with the observed balancing market prices leads
us to the conclusion that Swiss balancing market prices are justified by costs of hydropower.

The remainder of the paper is structured as follows: in section 2, we have a look into
literature on balancing markets. In section 3, the model and data used in this paper are
explained. In section 4, the opportunity costs of hydropower for providing balancing power
are illustrated. Section 5 discusses the results and concludes.



2 Balancing markets and hydropow-
er in the literature

Literature on balancing markets is diverse. Since balancing market are still highly
heterogeneous in its market design across countries (see, e.g., Ocker et al., 2016) a lot of
studies in literature addressing different national balancing market designs (e.g., Misgens et
al., 2014, Ocker, 2017), the harmonization of market designs (e.g., Dallinger et al., 2018;
Ocker et al., 2018a) , the integration of balancing markets (e.g., Farahmand and Doorman,
2012) or if the market design is suitable for VRE participation (e.g., Fernandes et al., 2016).
Regarding VRE, other studies focus on the interaction of an increasing share of VRE and the
balancing requirements and costs (e.g., Gianfreda et al., 2018; Hirth and Ziegenhagen, 2015;
Holttinen et al., 2011; Ocker and Ehrhart, 2017) or hydropower’s ability or value in
contributing to balance an increasing share of VRE (e.g., Dujardin et al., 2017; Graabak et al,,
2019).

Literature more relevant to this study deals with balancing market auctions in terms of the
bidding behaviour of market actors and the resulting balancing market prices. Thereby,
Kirsch and Singh (1995) analyse efficiency properties and incentives of different auction
formats for ancillary services showing that only uniform pricing auctions which minimize
revealed social costs are efficient. Just and Weber (2008) analyse the German balancing
market prices deriving the balancing market logic and the prices from the trade-off between
balancing and spot markets. Rammerstorfer and Wagner (2009) study the policy reform of
the German balancing market in 2006 and its impact on the balancing price dynamics.
According to their results, the reform led to a decreasing price level and volatility and an
increase in the degree of integration between spot and balancing market. Heim and Goetz
(2013) study price increases in the German balancing market by having a look at the market
structure and bidding strategies. They find evidence that increase in balancing prices
resulted from collusive behaviour and show that pay-as-bid auctions do not necessarily
reduce strategic behaviour like capacity withholding or collusion building. Misgens et al.
(2014) study the economics and design of the German balancing markets. Their results show
that both scoring and settlement rules as well as rational bidding ensures simultaneous
efficiency of balancing and spot markets. Ocker (2017) analyse seven European balancing
market auctions by first, theoretically describing the optimal bidding strategies (i.e., profit
maximizing bids) for each market and second, empirically test if the optimal bidding
strategies can be observed in reality. However, in five out of seven markets, theory does not
match the empirical data. Empirical results for Switzerland especially highlight the high
volatility of the balancing market prices resulting from the hydro-dominated electricity
system in Switzerland. Empirical results for Germany by Ocker and Ehrhart (2017) show that
balancing suppliers coordinate on a price level which is higher than the completive level and
that suppliers take into account previous auctions prices in their power bids. Due to the
mismatch between empirical auction results and theoretic predictions, Ocker et al. (2018b)
further analyse deviations from optimal bidding strategies in the German and Austrian
balancing markets. By taking into account price expectations based on historic market
outcomes in their theoretical model, they formulate a theoretical bidding strategy which
matches empirical balancing market results in this markets. Build upon this, Ocker et al.
(2018a) analyse if a change from pay-as-bid to uniform pricing as proposed by the European



Commission would incentivise suppliers to reveal their true costs. However, their results
show that under both pricing regimes (i.e., pay-as-bid and uniform pricing) suppliers do not
reveal their actual cost.

Regarding hydropower, Gebrekiros et al. (2013) analyse the bidding in the balancing market
for hydropower units. By having a look at the Norwegian market they determine the bidding
price for balancing power based on the opportunity costs in the day-ahead market. By taking
into account the discharge-power output relationship of hydro units, they show that
deviations from optimal operating points due to balancing power provision will reduce
profit. This loss in profit represents the cost for balancing power of hydro units. Similar to
Gebrekiros et al. (2013), Aasgard and Roti (2016) study the opportunity-cost-pricing of
different types of balancing products for a hydropower system. Their results show that for
the Norwegian balancing power products especially spinning reserve (primary and secondary
reserves) can be costly to provide by hydropower plants since they can significantly restrict
the production schedule. In addition, they show that symmetric products (i.e., primary
reserves in the Norwegian market) are more expensive due to additional restrictions for
hydropower plants resulting from the symmetric nature of the product.

Additional studies, which have a look at hydropower and balancing markets, analyse the
profit potential of balancing markets from a hydropower perspective. Examples of such
studies are Chazarra et al. (2016), Fodstad et al. (2018) or Schillinger et al. (2017). Chazarra
et al. (2016) present a detailed optimization model to derive the optimal generation
schedule of a hydropower cascade that maximizes its profit on the Spanish energy and
balancing markets. Their results show that hydropower can significantly increase their
income when selling in the day-ahead and balancing market compared to pure day-ahead
market participation. Similarly, Fodstad et al. (2018) find a theoretical potential for added
value when selling energy in multiple markets relative to day-ahead sales only. Their results
for market data from Norway, Sweden and Germany show that especially flexible plants can
benefit from multi market participation. Schillinger et al. (2017) find a similar result for Swiss
hydropower. While there might be a significant potential for additional revenues by
balancing markets in theory, the authors highlight the limitations of such additional incomes
resulting from uncertainties and balancing market characteristics.

With this paper, we contribute to the literature which has a look at the balancing markets
(especially balancing market prices) of an electricity system dominated by hydropower
instead of conventional (fossil fuel) technologies. To do so, we use a similar approach as
Gebrekiros et al. (2013) or Aasgard and Roti (2016) to derive opportunity cost prices for
balancing power but focus on the Swiss electricity market and the Swiss balancing market
design.



3.1

3 Modelling framework

Model

Participation of power plants or firms in the balancing markets changes the optimal
generation schedule on the spot market. Because of this, balancing market prices can be
derived from the opportunity cost of power plants or firms on the spot market (see, e.g.,
Aasgard and Roti, 2016; Gebrekiros et al., 2013; Just and Weber, 2008; Mlsgens et al., 2014;
Ocker et al., 2018b). In this paper, we focus on the opportunity costs for balancing power of
a hydropower dominated electricity system. Therefore, we use a short-term hydropower
operation model to derive the optimal generation schedule for hydropower plants on the
spot market as well as deviations from this schedule due to balancing market participation.
The example in figure 1 shows the basic logic of the approach used in this paper.
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Figure 1. Basic logic of the approach used in this paper.

The logic illustrated in Figure 1 relates to a symmetric balancing market. On the spot market,
a profit maximizing storage hydropower plant only produces in a few high price hours since
it is limited in terms of energy by the water stored in the reservoir. How much it can produce
in such high price hours is constrained by the turbine capacity which is in the example in
Figure 1 assumed to be 100MW (left figure). If the hydropower plant is now bidding 10MW
in the symmetric balancing market in addition to spot market participation, it has to adopt
its spot market generation schedule. First, the hydropower plant has to run at least at 10MW
in each hour of the underlying tendering period in order to reduce its generation output by
10MW if negative energy is requested by the TSO. Second, the hydropower plant can only
produce 90MW instead of 100MW in high price hours in order to reserve 10MW in case
positive energy is needed to balance the system (right figure). These changes in the profit
maximizing generation schedule correspond to a symmetric balancing market as the SRL
market in Switzerland. The difference in revenues between the two generation schedules
represent the opportunity cost for providing balancing power (Aasgard and Roti, 2016;
Gebrekiros et al., 2013). In this paper, we analyse this opportunity costs in relation to the
actual balancing market prices. By starting with a simplified basic hydropower operation
model and extend it by short-term trading option, technical plant details (i.e., head effect)
and price uncertainty we are able to identify the opportunity costs for balancing power for a
set of Swiss hydropower plants as well as its drivers. Regarding the drivers, we only have a
look at the individual effect of these drivers on the opportunity cost for providing balancing
power rather than a combination of these effects. The model details are described below. All



models have a resolution of one hour (15 minutes in case the intraday market is considered)
and are solved for time horizon of one week while each week of the year is solved. Solving
the model on a weekly instead of a yearly time horizon results from the time intensive
solution process when taking into account technical plant characteristics and uncertainties.
The basic model as well as the model which takes into account short-term trading options
could also be solved on yearly basis. By solving the model for a weekly instead of a yearly
time horizon small deviations from the yearly optimal generation schedule can occur (see
appendix A3.1). Due to the limited foresight when solving the model on a weekly time
horizon, the future value of water is taken into account. The future value of water is derived
from more long-term models (see, e.g., Gebrekiros et al., 2013). In our case, we derive the
water values from a simplified yearly hydropower operation model. All models are coded in
GAMS 25.1.3 and solved using the CPLEX 12.8 solver.

3.1.1 Basic Model

The basic model represents a simplification of the model described in Schillinger et al.
(2017). While in Schillinger et al. (2017) balancing market aspects are explicitly model, we
just consider deviations in the spot market schedule due to balancing market participation in
this model. The basic model assumes perfect foresight and neglects head effects. Thus, the
basic model is deterministic and linear. The objective of the plant operator is to maximize its
weekly revenue in the day-ahead market Rp 4 defined by the day-ahead market price p; and
the generation G;; of each turbine i. To take into account the future value of water the

storage level S, ena ,. and the water value Wv ena ,. for each reservoir r at the end of the week

te"? are taken into account. Deviations which occur when solving the basic model on a

weekly instead of a yearly time horizon are illustrated in the appendix (A3.1).
max RDA = z pt Gt,i + Z Stend,r WUtend,T
t,i r

The generation of each turbine is defined by the water to energy conversion factor 1 and the
water which is discharged through the turbine D; ;. In the basic model, no head effects are
considered so Eta is assumed to be constant.

Gei =niDei VI

The storage level in each hour for each reservoir is defined by the storage level of the
previous hour, the natural water inflows into the reservoir i; ,., the water which is going out
of the reservoir either by discharging Dy ; or spilling Spill,; it via the turbine below the
reservoir i and the water which is ending up in the reservoir by discharge or spill from a
turbine above the reservoir i. Water delay within a cascade is not considered in this paper.

St,T = St—l,T+it,T_ Z Dtri_ Z Splllt&-l_ Z Dti + Z Spllltf Vt,T‘
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The generation of each turbine is constrained by the turbine capacity g; as well as the
minimum generation level g;™". In our case the minimum generation is assumed to be zero.

g < Gy < g vt



If a hydropower plant bids capacity into the weekly symmetric SRL market bids™, it has to
run at least at that capacity at all hours of the week in order to reduce its generation if
negative energy is required by the TSO. In addition, the difference between the turbine
capacity and the capacity offered has to remain free to be able to increase generation if
positive energy is needed to balance the system. If a whole cascade is bid into the balancing
market, this constraint accounts for the total cascade generation and not the generation of
the individual plants.

g™ + bid < Gy < g™ — bid Vvt

In order to be able to deliver what was bid into the balancing market in terms of energy,
water has to be reserved in the reservoir. In the weeks before the week for which capacity is
bid into the balancing market, the storage at the end of the week has to be at least such that
the plant has enough water available to run at the offered capacity level for the whole week
for which balancing power was bid and at the same time is able to increase its generation by

the offered capacity (i.e., 2 * bids™). However, since the reservoir gets natural water

inflows in the future i{;‘twe, the required storage level is corrected by that amount. In case

of a hydropower cascade, we assume that just the biggest storage reservoir of the cascade
(rr) has to fulfil this storage constraint.

2 bid*"
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i
In the week for which balancing power was bid into the SRL market, the storage level has to
be big enough to increase the generation by the offered capacity for the remaining time of
the week taking into account the future inflows of the week.

. gsrl
S > b end . future
trr = (t - t) - Lr vt,rr
i
In addition to the storage constraints resulting from balancing market participation, the
storage is constrained by its minimum and maximum storage level.

s™in < Ser < s vt,r

The storage level in the first hour is given either by historic data, if it is the first week of the
year or in any other week of the year, by the storage end level of the previous week.

St_l,T = SStart Vt = 1,7"

To derive the opportunity cost for providing balancing power in a specific week, we first run
the model for each week of the year while the plant or cascade is optimized on the day-
ahead market. Second, we run the model for each week of the year while for one week
capacity is bid into the balancing market and the corresponding generation schedule for the
day-ahead market of this and all other weeks of the year has to be adopted. By comparing
the yearly revenue without and with balancing market participation in a specific week, we
are able to calculate the opportunity costs of that week by the yearly revenue difference.



3.1.2 Short-term trading options

In our basic model, we only consider trade on the day-ahead market. However, storage
hydropower plants as flexible technologies are also traded on more short-term markets like
intraday markets. This can change the generation schedules and revenues of hydropower
(see, e.g., Fodstad et al., 2018) and correspondingly the opportunity cost for providing
balancing power. Therefore, we extend the basic model by taking into account trade on the
intraday market in addition to the day-ahead market. The objective of the hydropower plant
operator is thus to maximize its revenues over both markets Rp 44;p While generation is split
between the day-ahead GgiA and the intraday market G,{fi).

_ E DA DA 2 ID ~ID 2
maxRpayip = pet Gl + ) pe G + ) Srrwup,
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All other equations and constraints remain similar as in the basic model. However, since in
the intraday market 15-minutes products are traded, the model resolution when taking into
account intraday markets is 15 minutes instead of one hour.

3.1.3 Technical plant characteristics

In the basic model, technical plant characteristics are simplified. One major limitation of the
basic model is that it ignores the three-dimensional relationship between power produced,
water discharge and head of the reservoir (i.e., head effects). However, taking into account
head effects can have an impact on the optimal generation schedule (Conejo et al., 2002).
Therefore, we extend the basic model by taking into account head effects. In literature, head
effects are considered in several ways, e.g., by nonlinear programming (see, e.g., Pérez-Diaz
et al., 2010). In this paper, we follow the approach of Conejo et al. (2002) who uses mixed
integer programming (MIP) to approximate the head effects. Figure 2 illustrates the
approach.

Power (MW)
\
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Discharge (m3/s) Discharge (m3/s)
Figure 2: Efficiency curve and power-discharge relationship for different heads.

The left hand side of Figure 2 shows the turbine efficiency in relation to the water
discharged for one head level. This nonlinear relationship is approximated by piecewise
linear power-discharge curves (right hand side of Figure 2). For each head level, a power-
discharge curve is defined while a small number of curves is already enough to accurately
model head variations (Conejo et al., 2002). As illustrated in Figure 2, turbine efficiency is
highest at discharge levels lower than the maximum discharge and a decrease in head level
reduces power output. The detailed model is shown in the appendix (A1.1).



3.1.4 Uncertainty in day-ahead market prices

Another limitation of our basic model is that it assumes perfect foresight. Thus, no
uncertainties regarding electricity prices or inflows are considered. However, taking into
account such uncertainties can have an impact on the scheduling decision of the
hydropower plant operator (see, e.g., Ladurantaye et al., 2009). To analyze the impact of
uncertainty on the opportunity costs, we extend our basic model to a stochastic model in
which day-ahead prices are represented by a scenario tree. Uncertainty in inflows are not
considered. The scenario tree used in this paper to represent uncertainty in the day-ahead
market prices is illustrated in Figure 3.
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Decision for ! Pricesfor | Decisionfor |  Pricesfor : Day 7
day 1 i dayl i day2 : day 2 !
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1 Week
Figure 3: Weekly scenario tree for uncertainty in day-ahead market prices.

The scenario three corresponds to a time horizon of one week while a week is divided in
seven stages, each corresponding to a day of the week. At each stage (excluding the last
stage) the hydropower operator has to make a production decision for a day without
knowing the exact market prices of that day. With a certain probability, the market prices
can be high or low. Depending on the realized prices a specific node is reached at the next
stage (Ladurantaye et al., 2009). The tree illustrated in Figure 4 is integrated into our basic
model. The detailed weekly stochastic model is shown in the appendix (A1.2). To take into
account price uncertainty also in the water values, a yearly stochastic model is used to
derive the future water values. Due to the time intensive solution process when taking into
account price uncertainty, the yearly stochastic model considers price uncertainty only on a
monthly basis. Thus, the yearly stochastic model is based on a scenario tree with 12 stages
while each stage belongs to a month of the year. With a certain probability (see chapter
3.2.1) prices in a month can be high or low.



3.2

Input data

3.2.1 Market data

The Swiss balancing market is split into three products which are primary, secondary and
tertiary reserve. The products differ in the time when they are activated after an imbalance
between demand and supply occurred (Abrell, 2016). In this paper, we only have a look at
the secondary reserve (SRL) market. The Swiss SRL market has the following characteristics’
(Abrell, 2016; Swissgrid AG, 2017):

e Demand: approx. 400MW
Product type: symmetric
Contract length: 1 week
Weekly tenders
e Minimum bid: 5 MW
e Capacity payment: Pay-as-bid
e Energy payment: Day-ahead price +- 20%

SRL prices are published by the Swiss TSO (Swissgrid AG, 2019). Since these data include all
prices per week which were accepted in the pay-as-bid procedure, we use the average of the
accepted SRL prices per week in our analysis. In this paper, SRL prices are only used as
benchmark for our simulated opportunity costs but are not required in the model. Prices
which are required in the model are day-ahead and intraday prices. Swiss day-ahead market
prices are based on EPEXSPOT (2019) while the years 2013 to 2015 are taken into account.
Intraday market prices are also based on EPEXSPOT (2019). However, due to data issues
German instead of Swiss intraday prices are used. In addition, intraday markets are just
considered for the years 2014 and 2015. Since the German intraday market is continuous, no
single price per time step is available. Because of this, intraday prices used in this paper
represent weighted average values. The prices used in this paper are summarized in Figure 4
by its monthly average values. SRL prices are shown on the right axis, day-ahead and
intraday prices on the left one.

' The market design of the Swiss SRL market changed in June 2018. In this paper, we consider the
market design which was in place before June 2018.
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Figure 4: Monthly average day-ahead and intraday prices (left axis); monthly average SRL
prices (right axis). Data based on EPEXSPOT (2019) and Swissgrid AG (2019).

Beside the price data, information on the day-ahead price uncertainty are required for the
stochastic model used in this paper. To estimate the uncertainty in the day-ahead prices, we
calculate the deviations of the future prices from the day-ahead market prices. While
positive and negative deviations of the future prices from the day-ahead market prices
should be similar in the long term, we only have a look at the positive deviations here. For
the yearly stochastic model, which is used to derive the water values for the weekly
stochastic model, we use the average monthly deviation of the Phelix DE/AT Base Year
Future (EEX, 2019) relative to the yearly base price of the day-ahead market. To derive the
weekly uncertainty for the weekly stochastic model, we compare the Phelix DE/AT Base
Week Future (EEX, 2019) with the weekly base price of the day-ahead market. Figure 5
illustrates the deviations.
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Figure 5: Deviation of yearly (left) and weekly (right) future prices from day-ahead prices.
Data based on EEX (2019) and EPEXSPOT (2019).

For the year (left figure), the deviations between the future prices and the day-ahead market
prices show a clear downward trend. Uncertainty is decreasing with time since we get closer
to the actual day-ahead market from one month to the other. In the yearly stochastic model,
we use a linear estimate of the observed downward trend as our assumption on price
uncertainty (orange line). For a week (right figure), deviation is much more fluctuating. While
there seems to be a downward trend in the deviation between future and day-ahead prices
until Thursday, deviation increases again at the end of the week. However, deviation is
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3.2.2

around 10% all over the week which is why we assume a constant price uncertainty of 10%
in the weekly stochastic model.

Hydropower data

In analysing the opportunity cost of hydropower for providing balancing power we have
chosen a set of Swiss hydropower cascades. We focus on cascades which include storage
hydropower plants. While some of the cascade also include run-of-river plants, cascades
with pump-storage plants are not considered here. The chosen cascades differ ,i.a., in their
topology, capacity and storage volume. Table 1 summarizes the main characteristics of the
chosen cascades.

Table 1: Data of hydropower cascades. Based on Balmer (2006), Garrison et al. (2018),
Schlecht and Weigt (2014) and SFOE (2018).

Cascade Capacity Avg. Production Storage Number Ratio Ratio
Nr. (MW) (GWh) (Mio. Plants/ Storage Inflow to
m3) Reservoirs to Dis- Storage*
charge*

1 54 72 50 1/1 434 3
2 56 214 20 2/2 556 7
3 60 119 40 1/1 553 4
4 104 318 6 3/2 199 17
5 109 227 86 2/1 462 5
6 201 702 62 5/3 998 3
7 397 1’036 204 4/2 1’643 1
8 439 925 111 3/3 1’489 2

* Based on largest reservoir of the cascade.

Some of the hydropower plants considered here are simple storage hydropower plants with
a single reservoir and a single plant (i.e., cascade nr. 1 and 3). Other cascades are more
complex including up to five plants and three reservoirs (i.e., cascade nr. 6). The cascades
chosen in this paper should be representative for the whole population of Swiss storage
hydropower plants. Approximately 15% of the Swiss storage hydropower plants are single-
site plants while the remaining 85% belong to hydro cascades. Regarding turbine capacity,
around 60% of Swiss storage hydropower plants have a capacity below 100MW, 30% a
capacity between 100MW and 300MW and 10% a capacity above 300MW (Balmer, 2006;
Garrison et al., 2018; Schlecht and Weigt, 2014; SFOE, 2018).

In order to consider head effects, additional technical data are required. Since such data are
plant specific and rarely available at high degree of detail, we base our assumption on head
data on a case study in Ticino, for which detailed data were provided within the NRP70
project “The Future of Swiss Hydropower”?, and abstract this details to other plants

* https://fonew.unibas.ch/de/projects/ongoing-projects/nfp70-futurehydro/
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considered in this paper. Data for one of the cascades (i.e., cascade nr. 3) is illustrated in
Table 2. Data for all other cascades for which head effects are considered can be found in
the appendix (A2).

Table 2: Head data for cascade nr. 3. Data based on Balmer (2006), Garrison et al. (2018),
Schlecht and Weigt (2014) and SFOE (2018).

highhead - - - mid head low head
60
50
__ 40 57
=
2
= 30
8 20
10
6 11 17 20
Discharge (m3/s)
High Head Mid Head Low Head
Head (m) 372 364 356
Power Block 1 (MW) 16 16 16
Power Block 2 (MW) 33 32 31
Power Block 3 (MW) 51 50 49
Power Block 4 (MW) 60 59 57

How relevant the head effects are is plant specific. We do not consider head effects for all
plants in the sample. In case of a cascade, head effects are only considered for bigger
storage plants. For smaller or low head plants we assume a constant head.

4 Results

The results section is structured as the model section. First, the results of the basic model
are illustrated. Afterwards, the results for short-term trading options, head effects and price
uncertainty are shown. In the results section, only the year 2015 is illustrated, the results for
2013 and 2014 can be found in the appendix (A3).
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4.1

Basic model

In the Swiss SRL market, minimum bid size is 5SMW. However, beyond that minimum size,
bids can be increased by IMW (Swissgrid AG, 2017). We consider different bid sizes for each
cascade, starting with the minimum bid up to a bid size which is equal to half of the turbine
capacity of the plant which is responsible for reserving the water in its reservoir. Figure 6
shows the range of opportunity cost for SRL over all cascades and bid sizes resulting from
the basic model in comparison to the average SRL prices for 2015.
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Figure 6: Srl price and maximum/ minimum opportunity cost of sample for 2015.

As illustrated in Figure 6, Swiss SRL prices (blue line) are driven by hydrological conditions.
The most pronounced peak in the SRL prices occurs in spring when the reservoirs are empty
and the snow melt has not started yet.? As illustrated by the maximum opportunity cost
(orange line), reserving water in the reservoir for SRL in spring comes at a high cost due to
the low flexibility of hydropower at that time. For some cascades in the sample, the spring
peak in the opportunity costs already occurs earlier, depending on the local inflow
conditions and the consequent reservoir levels. Overall, the maximum opportunity costs
reveal that the SRL prices seem to be driven by the opportunity costs of spot trades.
However, the difference between the maximum and the minimum (grey line) opportunity
costs shows a high cost variance. Depending on the specific hydropower cascade
characteristics as well as the respective size of the SRL bid opportunity costs can range from
levels close to zero to levels which are significantly above the SRL price level. In some weeks
of the year, even maximum opportunity costs are lower than the observed market prices.
This could result from the limited set of hydropower plants considered in this paper or from
opportunity cost drivers, which have not been considered in the simplified basic model.
While we cannot address the first point in this paper, we have a closer look at the individual
drivers of the opportunity costs in the remainder of the paper. All further results are only
illustrated for two of the cascades considered in this paper, a “single-site” plant (i.e., cascade

* See also other years in the appendix (A3). In 2013, the SRL price peak in spring was especially high
due to a prolonged winter and a consequent earlier reduction the in reservoir levels (EICom (2014).
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nr. 3) and a “multi-site” cascade (i.e., cascade nr. 7). Results for the other plants and
cascades can be found in the appendix (A3.2).

First, we want to have a look at the impact of the size of the SRL bid on the opportunity costs
for providing SRL. Figure 7 illustrates this effect.
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Figure 7: Srl price and opportunity cost of single-site (top) and multi-site (bottom) by size of
srl bid for 2015.

Figure 7 shows a significant dependence on the opportunity costs on the size of the SRL bid.
The higher the size of the SRL bid, the higher the opportunity cost for IMW of SRL since a
higher amount of water has to be reserved in the reservoir in order to be able to fulfill the
reserve obligations. Especially in spring the SRL prices seems to be significantly influenced by
the bid size. While for a minimum bid size of 5SMW, almost no spring peak in the opportunity
costs can be observed, opportunity costs start to peak at higher bid sizes. Due to low
reservoir levels in spring, providing higher amounts of SRL at that time leads to significant
shifts in the hydropower operation schedule. Having a look at the different cascade
characteristics, the multi-site (bottom figure) has much higher opportunity cost in spring as
compared to the single-site (top figure). Apart from spring, however, the single-site has
higher opportunity costs as the multi-site. In general, our results confirm that larger
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4.2

cascades can provide SRL at lower opportunity costs (apart from spring). Since it is possible
to bid a portfolio of plants into the SRL market, larger cascades can optimally split their
reserve obligations among the plants of the cascade based on the respective costs of each
plant. Some of the larger cascades also include run-of-river (RoR) plants. In times the inflows
are high enough and RoR plants are running at full load anyway, they are able to provide the
negative part of the SRL product at low costs. In spring when the inflows are low, RoR plants
cannot contribute that much to the SRL obligations. At the same time, the reservoirs of the
storage plants of the cascade are empty. This combination leads to high opportunity costs at
higher bid sizes for larger cascades at that time.

Short-term trading options

In reality, hydropower plants are not just traded on the day-ahead market but also on more
short-term markets (i.e., intraday markets) in order to value their flexibility (see, e.g.,
Fodstad et al., 2018). Thus, intraday markets are considered in addition to day-ahead
markets. Figure 8 illustrates the impact of intraday markets on the opportunity cost for
providing SRL for single- and multi-site plants for a bid size of 20MW. Figures on other bid
sizes can be found in the appendix (A3.2).
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Figure 8: Srl price and opportunity cost of single- and multi-site for a bid of 20MW by market
for 2015.

Comparing the opportunity cost for SRL with and without taking into account intraday trade
shows that intraday markets have only a minor impact on the opportunity cost level. For
single-site plants, generation schedules and corresponding opportunity cost for SRL are
slightly changed. In most of the weeks, opportunity costs are slightly increased if the
hydropower plant is traded on the day-ahead and intraday market compared to pure day-
ahead market trade. For the multi-side cascade, intraday markets seem to have no
significant impact on the opportunity costs for SRL beside a reduction in the spring peak. As
shown in the previous chapter, the spring peak in opportunity cost is more defined by
storage plants along a cascade. For them, intraday markets have an impact on the
generation schedule. However, the overall opportunity cost level is also defined by inflexible
plants of the cascade. For such plants, generation is mostly driven by hydrology and not by
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4.3

spot prices leaving their generation schedules unchanged even with changes in prices or
trading options.

Technical plant characteristics

Since the basic model simplifies technical characteristics which have an impact on the
generation schedule of storage plants, a mixed-inter model formulation is used to
approximate the impact of head effects on the opportunity costs. Figure 9 compares the
opportunity cost for SRL of the basic model with the results of the mixed-integer model and
the SRL prices. Single- and multi-site opportunity cost for a bid size of 20MW for the year
2015 are illustrated.”
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Figure 9: Srl price and opportunity cost of single- and multi-site for a bid of 20MW with and
without head effects for 2015.

Having a look at Figure 9, the first thing that stands out is that the spring peak in the
opportunity costs does not occur when taking into account head effects. If head effects are
considered in the model, the plant operator has an incentive to operate the plant such that
the head and correspondingly the turbine efficiency are maximized. Because of that, the
storage reservoir is not fully emptied in spring as illustrated for the single-site in Figure 10
(see appendix A3.2 for multi-site).

* Since the mixed-integer model is computationally demanding, only a limited number of cascades for
a limited amount of bid sizes and years are calculated.
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4.4
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Figure 10: Storage Level of single-site for basic model and MIP. In week 17 of the year,
20MW of SRL are provided.

If the storage reservoir is emptied less, flexibility is higher during that time. This could reduce
the opportunity cost in spring but the complete disappearance of the spring peak in our case
seems to be a model artifact resulting from our inaccurate data on the head effects of the
individual plants. Apart from the spring peak, the overall opportunity costs are increased
when taking into account head effects (see Figure 9). While this effect is especially visible for
the single-site plant, it can only be observed in the first quarter of the year for the multi-site
cascade. Since multi-site cascades include also small storage plants as well as RoR plants for
which head effects are not considered in our model, the impact of head effects on the
opportunity cost of multi-site cascades is rather small.

Uncertainty in day-ahead market prices

In the basic model we neglect any uncertainties. However, in reality generation planning is
made under uncertainty, e.g., price uncertainty. To analyze the impact of uncertainty in the
day-ahead market prices on the opportunity cost for SRL, the basic model was extended to a
stochastic model. Figure 10 illustrates the opportunity costs for a SRL bid of 20MW with and
without day-ahead price uncertainty for a single- and multi-site plant compared to the SRL
price for 2015. Results on additional years, cascades and bid sizes can be found in the
appendix (A3.2).
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Figure 11: Srl price and opportunity cost of single and multi-site plants for a bid of 20MW
with and without day-ahead price uncertainty for 2015.

As shown in Figure 11, uncertainty in the day-ahead market prices changes the opportunity
costs for SRL for both, single- and multi-site plants. While the opportunity costs for SRL of
the single-site plant are increased in the second half of the year under price uncertainty,
opportunity costs under uncertainty are lower in the first quarter of the year. The spring
peak in the opportunity costs of the single-site plant is similar with and without price
uncertainty. As illustrated for the single-site in Figure 12, the hydropower plant is operated
differently if price uncertainty is taken into account (see appendix A3.2 for multi-site).
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Figure 12: Generation single-site for basic and stochastic model. In week 17 of the year,
20MW of SRL are provided.

With changes in the generation schedule when taking into account price uncertainty, also
the opportunity costs change. For the multi-site plant, opportunity costs for SRL are slightly
higher under price uncertainty almost all weeks of the year (see Figure 11). However, as for
the single-site plant opportunity costs of the multi-site plant significantly change in the
second half of the year due to uncertainty in the day-ahead market prices. Compared to the
single-site plant, the spring peak in the opportunity costs of the multi-site plant is
significantly lower than the deterministic spring peak.
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5 Discussion

In this paper, we derived a competitive benchmark for the Swiss SRL prices by analysing the
opportunity cost of hydropower for providing SRL. Our results indicate that the historic Swiss
SRL prices can be justified by the opportunity costs of hydropower. As in the Norwegian case
(Gebrekiros et al.,, 2013), we could show for Switzerland that providing balancing power
could significantly alter optimal generation schedules of hydropower and that the resulting
losses in profits are reflected in the balancing prices. While, e.g., Heim and Goetz (2013) or
Ocker and Ehrhart (2017) found balancing prices which deviate from the competitive level
for the German SRL market, we cannot confirm this findings for the Swiss SRL market based
on our method and data. This may results from the differences between the German and
Swiss SRL markets regarding their market design, market structure or generation mix. Since
the Swiss SRL demand is quite low but the number of hydropower firms which could satisfy
demand quite high, there should be enough competition in the Swiss SRL market. In
addition, while the German SRL market is dominated by conventional technologies, the Swiss
SRL market is dominated by hydropower which makes Swiss SRL prices dependent on
hydrological conditions. In spring when the inflows are low and the storage reservoirs
empty, opportunity costs for SRL are highest. This peak is especially pronounced for higher
bid sizes. According to our results, single- as well as multi-sites have an impact of the
opportunity costs for SRL. While single-site plants or smaller cascades seem to have a bigger
impact on the overall SRL price level (apart from spring), larger cascades significantly
influence the spring peak. However, in this paper, we only have a look at a limited number of
Swiss hydropower cascades. Since each hydropower plant is unique, drawing conclusions
about Swiss hydropower as a whole could be misleading.

Regarding the opportunity cost drivers, our results have shown that the opportunity costs of
hydropower for providing SRL are influenced by a variety of drivers. Figure 13 summarizes
these findings.
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multi-site
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Figure 13: Srl price and opportunity cost of single-site (top) and multi-site (bottom) by model
for a bid of 20MW for 2015.

As illustrated in Figure 13, short-term trading options, head effects and price uncertainty all
can have an impact on the opportunity costs and should thus be considered in analysing the
opportunity costs and the corresponding SRL prices of a hydro-dominated electricity system.
Our results indicate that apart from spring, single-site plants (top figure) are more influenced
by these drivers than multi-site cascades (bottom figure) since multi-site cascades can split
their reserve obligation among various plants and reservoirs. While our results indicate that
all three drivers can influence the opportunity costs for providing SRL, we cannot clearly
guantify the magnitude of this influence. Since the impact of these drivers on the
opportunity costs can be site-specific, drawing any overall conclusion on the magnitude
could be misleading. In addition, due to limited data availability, e.g., on site-specific head
effects, our results may under- or overestimate the impact of a specific driver. While we only
have a look at the individual effects of these drivers on the opportunity costs, the combined
effects could be much larger. However, there is a trade-off between analysing the combined
effect of drivers on the opportunity costs for balancing power and considering a time
horizon which is sufficiently long to capture market characteristics and hydrological
conditions.

6 Conclusions

In this paper, we had a look at the balancing market prices of a hydro-dominated electricity
system using Switzerland as a case study. By using a short-term hydropower operation
model and a set of Swiss hydropower plants, we were able to identify a competitive
benchmark for Swiss balancing market prices defined by the opportunity costs of
hydropower for providing balancing power. Our results indicate that Swiss SRL market prices
are not influenced by any market imperfections (e.g., market power) but can be justified by
the opportunity cost of Swiss hydropower. Opportunity cost of Swiss hydropower are
influenced by hydrological conditions and vary for different cascade structures. In addition,
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short-term trading options, head effects and price uncertainty have an influence the
opportunity cost level. However, due to limitations of this paper, we are not able to exactly
quantify the magnitude of the influence of these drivers. This may be addresses in future
research with more detailed data.

Balancing markets differ in their design across countries (see e.g., Ocker et al., 2016).
Because of this, the European Commission introduced a guideline for the harmonization of
balancing markets (European Commission, 2017) in the course of the ongoing energy
transition. The Swiss balancing market will thus be adjusted in their design within the next
years (see e.g., Swissgrid AG, 2018). Changes in the balancing market design may also
change the opportunity cost of hydropower for providing balancing services and
consequently the balancing market prices. The impact of a change in the Swiss balancing
market design should be addresses in future research.

22



References

Aasgard, E.K., Roti, P.H., 2016. Opportunity-cost-pricing of reserves for a simple hydropower
system, 1-5. 10.1109/EEM.2016.7521331.

Abrell, J., 2016. The Swiss Wholesale Electricity Market. SCCER CREST Working Paper.

Balmer, M., 2006. Schweizer Wasserkraftwerke im Wettbewerb: Eine Analyse im Rahmen
des europdischen Elektrizitatsversorgungssystems. vdf Hochsch.-Verl. an der ETH, ZUrich,
208 pp.

Chazarra, M., Garcia-Gonzalez, J., Pérez-Diaz, J.I., Arteseros, M., 2016. Stochastic
optimization model for the weekly scheduling of a hydropower system in day-ahead and
secondary regulation reserve markets. Electric Power Systems Research 130, 67-77.
10.1016/j.epsr.2015.08.014.

Conejo, A.l., Arroyo, J.M., Contreras, J., Villamor, F.A., 2002. Self-scheduling of a hydro
producer in a pool-based electricity market. IEEE Trans. Power Syst. 17 (4), 1265-1272.
10.1109/TPWRS.2002.804951.

Conejo, AlJ., Carrion, M., Morales, J.M., 2010. Decision making under uncertainty in
electricity markets. Springer Science+Business Media LLC, Boston, MA, 539 pp.

Dallinger, B., Auer, H., Lettner, G., 2018. Impact of harmonised common balancing capacity
procurement in selected Central European electricity balancing markets. Applied Energy
222, 351-368. 10.1016/j.apenergy.2018.03.120.

Dujardin, J., Kahl, A., Kruyt, B., Bartlett, S., Lehning, M., 2017. Interplay between
photovoltaic, wind energy and storage hydropower in a fully renewable Switzerland.
Energy 135, 513-525. 10.1016/j.energy.2017.06.092.

EEX, 2019. Marktdaten: Storm - Futures.
https://www.eex.com/de/marktdaten/strom/futures. Accessed 7 February 2019.

EICom, 2014. Report on the activities of EICom 2014.

EPEXSPOT, 2019. Marktdaten. https://www.epexspot.com/de/marktdaten. Accessed 7
February 2019.

European Commission, 2017. Electricity Balancing Guideline: Commission Regulation (EU)
2017/2195 of 23 November 2017 Establishing a Guideline on Electricity Balancing.
https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=uriserv:0J.L_.2017.312.01.0006.01.ENG&toc=0J:L:2017:312:TOC.
Accessed 7 February 2019.

Farahmand, H., Doorman, G.L., 2012. Balancing market integration in the Northern European
continent. Applied Energy 96, 316—326. 10.1016/j.apenergy.2011.11.041.

Fernandes, C., Frias, P., Reneses, J., 2016. Participation of intermittent renewable generators
in balancing mechanisms: A closer look into the Spanish market design. Renewable
Energy 89, 305-316. 10.1016/j.renene.2015.12.037.

23



Fodstad, M., Aarlott, M., Midthun, K., 2018. Value-Creation Potential from Multi-Market
Trading for a Hydropower Producer. Energies 11 (1), 16. 10.3390/en11010016.

Garrison, J.B., Demiray, T., Abrell, J., Savelsberg, J., Weigt, H., Schaffner, C., 2018. Combining
Investment, Dispatch, and Security Models - An Assessment of Future Electricity Market
Options for Switzerland, 1-6. 10.1109/EEM.2018.8469895.

Gebrekiros, Y., Doorman, G., Jaehnert, S., Farahmand, H., 2013. Bidding in the Frequency
Restoration Reserves  (FRR) market for a Hydropower  Unit, 1-5.
10.1109/ISGTEurope.2013.6695362.

Gianfreda, A., Parisio, L., Pelagatti, M., 2018. A review of balancing costs in Italy before and
after RES introduction. Renewable and Sustainable Energy Reviews 91, 549-563.
10.1016/j.rser.2018.04.009.

Graabak, I., Korpas, M., Jaehnert, S., Belsnes, M., 2019. Balancing future variable wind and
solar power production in Central-West Europe with Norwegian hydropower. Energy
168, 870-882. 10.1016/j.energy.2018.11.068.

Heim, S., Goetz, G., 2013. Do pay-as-bid auctions favor collusion? - Evidence from Germany's
market for reserve power. Joint Discussion Paper Series in Economics (24-2013).

Hirth, L., Ziegenhagen, |., 2015. Balancing power and variable renewables: Three links.
Renewable and Sustainable Energy Reviews 50, 1035-1051. 10.1016/j.rser.2015.04.180.

Holttinen, H., Meibom, P., Orths, A., Lange, B., O'Malley, M., Tande, J.0O., Estanqueiro, A,
Gomez, E., Séder, L., Strbac, G., Smith, J.C., van Hulle, F., 2011. Impacts of large amounts
of wind power on design and operation of power systems, results of IEA collaboration.
Wind Energ. 14 (2), 179-192. 10.1002/we.410.

Just, S., Weber, C., 2008. Pricing of reserves: Valuing system reserve capacity against spot
prices in electricity markets. Energy Economics 30 (6), 3198-3221.
10.1016/j.eneco.2008.05.004.

Kirsch, L.D., Singh, H., 1995. Pricing ancillary electric power services. The Electricity Journal 8
(8), 28—36. 10.1016/1040-6190(95)90014-4.

Ladurantaye, D. de, Gendreau, M., Potvin, J.-Y.,, 2009. Optimizing profits from
hydroelectricity production. Computers & Operations Research 36 (2), 499-529.
10.1016/j.cor.2007.10.012.

Musgens, F., Ockenfels, A., Peek, M., 2014. Economics and design of balancing power
markets in Germany. International Journal of Electrical Power & Energy Systems 55, 392—
401. 10.1016/].ijepes.2013.09.020.

Ocker, F., 2017. Design and performance of European balancing power auctions, 1-6.
10.1109/EEM.2017.7981861.

Ocker, F., Braun, S., Will, C., 2016. Design of European balancing power markets, 1-6.
10.1109/EEM.2016.7521193.

Ocker, F., Ehrhart, K.-M., 2017. The “German Paradox” in the balancing power markets.
Renewable and Sustainable Energy Reviews 67, 892—-898. 10.1016/].rser.2016.09.040.

24



Ocker, F., Ehrhart, K.-M., Belica, M., 2018a. Harmonization of the European balancing power
auction: A game-theoretical and empirical investigation. Energy Economics 73, 194-211.
10.1016/j.eneco.2018.05.003.

Ocker, F., Ehrhart, K.-M., Ott, M., 2018b. Bidding strategies in Austrian and German
balancing power auctions. WIREs Energy Environ 7 (6), e303. 10.1002/wene.303.

Pérez-Diaz, J.I, Wilhelmi, J.R.,, Sanchez-Fernandez, J.A., 2010. Short-term operation
scheduling of a hydropower plant in the day-ahead electricity market. Electric Power
Systems Research 80 (12), 1535-1542. 10.1016/j.epsr.2010.06.017.

Rammerstorfer, M., Wagner, C., 2009. Reforming minute reserve policy in Germany: A step
towards efficient markets? Energy Policy 37 (9), 3513-3519.
10.1016/j.enpol.2009.03.056.

Schillinger, M., Weigt, H., Barry, M., Schumann, R., 2017. Hydropower Operation in a
Changing Market Environment — A Swiss Case Study. SCCER CREST Working Paper.

Schlecht, I., Weigt, H., 2014. Swissmod: A Model of the Swiss Electricity Market. FONEW
Discussion Paper (2014/01).

SFOE, 2018. Statistik der Wasserkraftanlagen der Schweiz.
http://www.bfe.admin.ch/themen/00490/00491/index.htmi?lang=de&dossier_id=01049
. Accessed 7 February 2019.

Swissgrid AG, 2017. Grundlagen Systemdienstleistungsprodukte: Produktbeschreibung —
glltig ab Februar 2017.
https://www.swissgrid.ch/dam/swissgrid/customers/topics/ancillary-services/as-
documents/D170214-AS-Products-VIR2-de.pdf. Accessed 7 February 2019.

Swissgrid AG, 2018. Balancing Roadmap Schweiz.
https://www.swissgrid.ch/de/home/operation/regulation/ancillary-services.html.
Accessed 7 February 2019.

Swissgrid AG, 2019. Systemdienstleistungen: Ausschreibungen.
https://www.swissgrid.ch/de/home/customers/topics/ancillary-services/tenders.html.
Accessed 7 February 2019.

25



Appendix

Al Model Supplement

A1.1 Technical plant characteristics

The mixed-integer approach used in this paper for the approximation of head effects is
based on Conejo et al. (2002). For plants and reservoirs along the cascade for which head
effects are neglected (i = nh orr = nh), the model is the same as the basic model. For
plants and reservoirs along the cascade for which head effects are considered (i = h or
r = h), the basic model is adjusted.

The objective of the plant operator is to maximize its weekly revenue in the day-ahead
market taking into account the future value of water. The water values are derived from a
yearly model. However, due to the time intensive solution process when taking into account
head effects, the yearly model assumes a constant head.

maxRpy = Z p:Gei + E Siend , WVgend .
t,i r

The generation of each turbine is defined by the water to energy conversion factor 1 and the
water which is discharged through the turbine D, ;. If no head effects are considered Eta is
assumed to be constant.

Gt,i = niDt,i Vt,l =nh

If head effects are considered, Eta and the corresponding generation depends on the
discharge and the head level. For each head level and for each discharge block (D; ; ) an Eta
(Mip1,2,3) is defined. The binary variables d,.; 1 , are used to define the head level at which
the plant is operating at a specific point in time. Compared to Conejo et al. (2002) we do not
take into account a minimum generation level at which the plant has to be operated if it is
running due to a lack of data.

Gei — Z DeipMips — 91" Z (dyt1+ dr2) |<0 Vt,i=h
b

map;r

Gei — Z DeipMips + 97" Z (dyt1+ dr2) |20 Vt,i=h
b

mapr

Gei = ) DeinMina =gl D (1=drgs+ dre2) | <0 ei=h
b

map;,

Gei — z DeipMipz + 97" Z (1=dp1+ dre2) |20 Vt,i=h
b

map;r
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Gt = ) Deanins = g8 D (2=dpgs = drp2) |0 Vei=h
b

map;y

Gei — z DeipMips + 91 ™ Z (2=dpt1— driz) |20 VEi=h
b

map;y

The total discharge (D ;) is defined by the discharge over all discharge blocks. A minimum
discharge level is not considered in this paper.

Dt,i = th,i,b Vt,l = h
b

To define at which discharge level the plant is operating, the maximum discharge by block

(di’y**) and the binary variable (W), which is equal to 1 if the discharge exceeds the

maximum discharge of a specific discharge block, are considered.
D¢ip=1 < d{f;)“:xl Vt,i =h

max LR
Diip=12 dip=Weip=1 Vi =h

Dt,i,b < d%ath’i'b_l Vt,l = h, b
Dt,i,b 2 d%axwt’i'b Vt,l = h,b
The storage level in each hour for each reservoir is defined as in the basic model.

Ser= Secry+icy — z Dy — z Spill,; + Z D + Z Spill;; Ve

mapy mapy mapy, mapy,

Following Conejo et al. (2002) the head level is approximated by the storage level. Thus,
different storage intervals belong to specific head levels. The following three equations
define at which head level the plant is operating at a specific point in time based on the
lower (s£°") and upper (s, ) storage bound and the binary variable dy 1. Ifbothd,(; and
d,t, are equal to zero, the storage level is between the minimum storage level and the
lower bound. This range belongs to a low head. If d,. ¢ is equal to one and d,.;, equal to
zero, the plant is operating at the intermediate head level. If both binary variables are equal
to one, the storage level belongs to a high head.

u
Str 2 5% (dre1 — dre2) + 5 drz vt,r =h
max low up
St,r < Sy dr,t,z + sy (1 - dr,t,l) + s (dr,t,l - dr,t,Z) vt,r=h
dT,t,l > dT,t,Z Vt,r = h

For plants for which no head effects are considered, the generation capacity is constrained
by the minimum and maximum generation. For plants for which head effects are considered,
this constraint is already included in previous equations.
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gt <G < g Vti=nh

As in the basic model, the generation is constrained by the SRL bid if the plant is active on
the SRL market. The minimum generation level has to be increased by the SRL bid while the
maximum generation level is decreased by the SRL bid. While we assume a minimum
generation level of zero, the maximum generation for plants for which head effects are
considered depends on the respective head level. At different head levels different amounts
of energy can be produced. Thus, the maximum generation of a plant for which head effects

are considered (g{2%) is adjusted by the difference in the maximum generation between

consecutive head levels (ginzl";lxld;ff). For plants for which head effects are neglected, this can

be ignored.
g™™" + bid" < G,
i
< D (ol gl + gl ) renea = D)
i

Mapi=h,r=h

di .
+ ginzlail;,(z o Z (dr=piz— 1)) — bid™ vt

Mapi=phr=h

In order to be able to deliver what was bid into the balancing market in terms of energy,
water has to be reserved in the reservoir. While these constraints are almost equivalent to
the basic model formulation, the amount of water which has to be reserved in the reservoir
is defined by the average conversion factor at low head (7;qyg,1)- This ensures that
independent of the head level, enough water is stored in the reservoir to be able to deliver
the SRL bid in terms of energy.

2 bid "

yeend — ere oy = p

Stend,rr = ( rr

ni,avg,l

bld srl

(tend —t) — if¥ vtrr=h

St,rr = rr

i,avg,1

In addition to the storage constraints resulting from balancing market participation, the
storage is constrained by its minimum and maximum storage level. While the maximum
storage level for plants for which head effects are considered is already defined by previous
equations, it needs to be considered for plants for which head effects are neglected. In
addition, the storage level has to be greater or equal the minimum storage level. In our case,
the minimum storage level is assumed to be zero.

Ser = s vty

Ser < 5 Vt,r =nh

The storage level in the first hour is given either by historic data, if it is the first week of the
year or in any other week of the year, by the storage end level of the previous week.

Sf=1,7‘ = S-rs:tart vVt = 1,7"

For additional details on the mixed-integer model formulation see Conejo et al. (2002).
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A1.2 Uncertainty in day-ahead market prices

To take into account uncertainty in the day-ahead market prices, a stochastic model is
formulated. Details on stochastic modeling can be found, e.g., in Conejo et al. (2010) or
Ladurantaye et al. (2009). The stochastic model applied in this paper is similar than the basic
model formulation but defined on nodal basis. As described in section 3.1.4, each node
belongs to a day of the week while each day has 24 hours. The objective of the plant
operator is to maximize its weekly revenue in the day-ahead market taking into account the
future value of water. With probability r,, a node belongs to a high or low price realization.
To take into account the future value of water the storage level S;—jeqf and the water
value Wup_jeqr rfor each reservoirr at the end of the week (n = leaf) are taken into
account. The water values are derived from a stochastic yearly model. However, due to the
time intensive solution process when taking into account price uncertainty, the yearly model
considers price uncertainty only on a monthly basis (see chapter 3.1.4).

max RDA = Z Ty Z Gn,t,ipn,t + Z nn=leaf5n=leaf,r an=leaf,r

ni mapn,t r

The generation of each turbine, node and hour is defined by the water to energy conversion
factor n and the water which is discharged through the turbine Dy, ; ;. Each hour is mapped
to the respective nodes by map,, ;. As in the basic model, no head effects are considered.

Gn,t,i = niDn,t,i Vi, i,n if mapny ¢

The storage level at each node for each reservoir is defined by the storage level at the parent
node (Sp=parentr), the natural water inflows into the reservoir i; ,, the water which is going
out of the reservoir either by discharging D, . ; or spilling Spill, . ; it via the turbine below
the reservoir i and the water which is ending up in the reservoir by discharge or spill from a

turbine above the reservoir i. Compared to the basic model, the storage level is defined on
daily basis (i.e., each node belongs to a day of the week) instead of hourly basis.

Sn,r= Z Snzparent,r+ Z (it,r_ Z Dn,t,g'_ Z Spilln,t,g"" Z Dn,tj

Mmapn,parent mapn,t mapr mapr mapy,

+ ) Spill,p) v

mapy,

The generation of each turbine, node and hour is constrained by the turbine capacity g;***
as well as the minimum generation level g;"". As in the basic model, the minimum
generation is assumed to be zero.

min max : :
9i SGnei < 9i vt i,nif map,;

If a hydropower plant bids capacity into the weekly symmetric SRL market its minimum and
maximum capacity is constrained by the SRL bid. As in the basic model, the constrained is
related to the total cascade generation and not the generation of the individual plants of the
cascade.

gmin + bidsT < Gt < gmax — bidsT! vt,nif mapy,,
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In order to be able to deliver what was bid into the balancing market in terms of energy,
water has to be reserved in the reservoir in the weeks before the week for which capacity
was bid into the SRL market as well as in the contracted week.

> 2 bidsrl end . future ,
Sn,rr = ( ] )t - L VTT,nlf mapn t=end
L
bid™
ner 2 5= (tend —t) — iL¥ vnrr if mapy,
i

In addition, the storage is constrained by its minimum and maximum storage level and the
storage at the beginning of the week is defined by the storage start value.

ST < S < s vr,n

— start ;
Spr =S vn, T if mapy t=start

For additional details on the stochastic model formulation see, e.g., Conejo et al. (2010) or
Ladurantaye et al. (2009).

A2 Data Supplement

Table A 1: Head data for cascades for which head effects are considered. Data based on
Balmer (2006), Garrison et al. (2018), Schlecht and Weigt (2014) and SFOE (2018).

Cascade Nr. 1 3 6 7
Power high head block 1 (MW) ‘ 15 16 17 38
Power high head block 2 (MW) 29 33 34 75
Power high head block 3 (MW) ‘ 46 51 54 118
Power high head block 4 (MW) 54 60 63 138
Power mid head block 1 (MW) 14 16 16 33
Power mid head block 2 (MW) 28 32 33 66
Power mid head block 3 (MW) ‘ 43 50 51 104
Power mid head block 4 (MW) 51 59 60 122
Power low head block 1 (MW) ‘ 13 16 16 29
Power low head block 2 (MW) 26 31 31 58
Power low head block 3 (MW) 41 49 49 90
Power low head block 4 (MW) 48 57 57 106
Discharge Block 1 (m3/s) ‘ 10 6 5 10
Discharge Block 2 (m3/s) 18 11 9 20
Discharge Block 3(m3/s) | 28 17 14 30
Discharge Block 4 (m3/s) 32 20 17 35
High Head (m) | 190 372 480 489
Mid Head (m) 179 364 460 432
Low Head (m) | 167 356 439 375
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A3 Results Supplement

A3.1 Model Structure Comparison

While using a weekly model with water values instead of a yearly model with predefined
storage values at the beginning and end of the year, some differences, e.g., regarding the
storage levels or the revenues, already occur from changes in the model structure. Figure A
1 compares the storage level from the yearly and the weekly model and shows the
differences for the single site (i.e., cascade nr. 3). In addition, differences in the weekly

revenues are illustrated.
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Figure A 1. Comparison of storage level and weekly revenue for yearly and weekly model

structures.
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A3.2 Additional Results
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Figure A 2: Storage Level of biggest reservoir of multi-site for basic model and MIP. In week
17 of the year, 20MW of SRL are provided.
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Figure A 3: Generation multi-site for basic and stochastic model. In week 17 of the year,
20MW of SRL are provided.
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Figure A 4: Srl price and maximum/ minimum opportunity cost of sample for 2013 (top) and
2014 (bottom).
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Figure A 6: Srl price and opportunity cost by size of srl bid for 2014.
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Figure A 7: Srl price and opportunity cost by size of srl bid for 2015.
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Figure A 8: Srl price and opportunity cost by model and bid size for cascade 1 for 2013.
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Figure A 9: Srl price and opportunity cost by model and bid size for cascade 1 for 2014.
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Figure A 10: Srl price and opportunity cost by model and bid size for cascade 1 for 2015.
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Figure A 11: Srl price and opportunity cost by model and bid size for cascade 2 for 2013.
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Figure A 12: Srl price and opportunity cost by model and bid size for cascade 2 for 2014.
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Figure A 13: Srl price and opportunity cost by model and bid size for cascade 2 for 2015.
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Figure A 14: Srl price and opportunity cost by model and bid size for cascade 3 for 2013.
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Figure A 15: Srl price and opportunity cost by model and bid size for cascade 3 for 2014.
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Figure A 16: Srl price and opportunity cost by model and bid size for cascade 3 for 2015.
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Figure A 19: Srl price and opportunity cost by model and bid size for cascade 4 for 2015.
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Figure A 20: Srl price and opportunity cost by model and bid size for cascade 5 for 2013.
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Figure A 21: Srl price and opportunity cost by model and bid size for cascade 5 for 2014.
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Figure A 22: Srl price and opportunity cost by model and bid size for cascade 5 for 2015.
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Figure A 23: Srl price and opportunity cost by model and bid size for cascade 6 for 2013.
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Figure A 24: Srl price and opportunity cost by model and bid size for cascade 6 for 2014.
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Figure A 25: Srl price and opportunity cost by model and bid size for cascade 6 for 2015.
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Figure A 26: Srl price and opportunity cost by model and bid size for cascade 7 for 2013.
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Figure A 27: Srl price and opportunity cost by model and bid size for cascade 7 for 2014.
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Figure A 28: Srl price and opportunity cost by model and bid size for cascade 7 for 2015.
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Figure A 29: Srl price and opportunity cost by model and bid size for cascade 8 for 2013.
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Figure A 30: Srl price and opportunity cost by model and bid size for cascade 8 for 2014.

05 ke W = 005 Dayahead SISV T0IS adey b= SMW - - 2015 Sochantc i = MW RO ke i = 2015 Dapabrad bid = MW~ 2015 niraday b = OMMW - -~ 2015 Stochantc id = 1M
1o 1000
e e
1000 100
2 2 o
H Iz
o | om0
1
w0 ! a0
|
/
700 s £ 4 o0 = PR
= A N —~ N & =
3 N e R Y / % —_—
N = ~ s
LTS 678910300210 IS 1617 902 112324516 27202930 3130 3035 06573810 80414243 4445 85418 4950515251 12145 6 7B 9105112031415 161718197021 222324 152627 28 930 132 113435 1617 1630041 243 485454748 950515259
week
2015 Prke s — 2005 Ooyabead bd = MW 2015 nvaday bid = MW - - - 2018 Stochst bid = W 2005 ke i — 2015 Doyabesd bid  OMW - 2015 nraday5 * MW - - - 015 Stochstc id = MW
200
. .
w000 10w
2w 2 w0
H H
H H
s w0
P e
R - RS | L i
LTS 6 7B 910311210415 I617 902 112024516 2720 2930 3130 033 06073810 80414243 4045 8541 8 4950515251 111456 7B 9051121314 161718197021 202024 252627 28 900 3132 113425 1617 630041 24D 485 464748 4950 55253
ook week
— 2o prce s 2015 Intaday bid = SOV - - - 2015 Stachastc i MW 2005 ke i — 2015 Doyabesd bid = UMW 2015 nraday 5+ BMW - - - 015 Stochstc id = MW
100 100
e 1700
w0
2 oo
H
o
0
1m0 - . A
P % - Ly S i/
N TR - T )
LTS 6T B 010111213 14151617 8197021 2025242526 27202030 3130 35435 16573810 40414243 4445 6.7 8 4950515253 1135 6 7B 810511203 1415 1617 18197021 223524 15262726 290 3132 113435 6.7 1630 4041 243 4445 464748 4950515253
Woek

Figure A 31: Srl price and opportunity cost by model and bid size for cascade 8 for 2015.
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