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Abstract: We study a hydropower producer’s potential for value-creation from multi-market trading
given the price variations in the markets and the flexibility provided through access to hydro
reservoirs. We use a perfect foresight optimization model for a price-taking hydropower producer
co-optimizing his trades in the day-ahead, intra-day and balancing markets. The model is used on
real market data from Norway, Sweden and Germany. The study shows a theoretical potential for
added value when selling energy in multiple markets relative to optimal day-ahead sale. Most of this
value is achievable also when the perfect foresight is limited to the period from day-ahead bidding
until operation. Flexible production plants achieve the largest relative added values for multi-market
sales, and has the largest benefit from a long horizon with perfect foresight.
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1. Introduction

While the day-ahead market is the dominating electricity market, trades in more short-term
markets are receiving increasing attention. A main driver for this is the growing share of production
from variable renewable sources (VRES) that is hard to predict day-ahead and thereby motivates
postponed trades. It is also expected that relatively more VRES will increase the value of flexible
production due to increased price variation. For a flexible hydropower producer, this might correspond
to a new market opportunity, and raises the question of what added value trading in multiple
short-term markets can give relative to day-ahead only.

In this paper, we aim to shed light on this opportunity taking a Norwegian hydropower producer’s
perspective. The Norwegian power system is dominated by regulated hydropower production, with
a total share of over 95% in 2016. This gives relatively small and non-volatile short-term markets
in Norway, but expectations of increasing interconnection with Europe and a larger penetration of
VRES is expected to increase the liquidity and price volatility. In this paper, we analyse the potential
value-creation from trading in multiple energy markets given the current market structure in Norway,
Sweden and Germany. The market data from Sweden and Germany are used as a proxy for the
potential market development in Norway.

Literature Review

In line with the market development, a growing amount of literature extends from day-ahead
modelling into multi-market modelling of hydropower. The marginal cost is the decision base for
market trade, and the literature most commonly represents these costs implicitly in a scheduling
problem or bidding problem. The former seeks an optimal production schedule and the latter seeks
optimal market bids [1]. The underlying modelling of the production system and market modelling
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is usually similar in the two model classes. Nonlinearities, non-convexities and inflow uncertainty,
due to, amongst others, the binary spinning state of generators and the decision dependent water head
effects, are main challenges in modelling of the production system. In market modelling, the price and
quantity uncertainty and assumptions regarding market power are the main challenges.

Closely related to the question of added value from multi-market trade is the question of
co-optimization (frequently denoted “coordinated bidding”, but we use co-optimization due to its
relevance also for scheduling models) as opposed to sequential optimization. While the former
assumes some knowledge of subsequent markets when trading in one market, the latter trades in
each market as if it was the last trading option for the given time period. Theoretically, co-optimized
trade is the preferred alternative providing the larger expected profit [2] since all options are explicitly
represented, but the added complexity in properly modelling the information structure in the markets
might make sequential optimization reasonable. Boomsma et al. [2] also show that only participating
in the day-ahead market gives a lower bound to co-optimized trade where multiple subsequent energy
markets are included. Co-optimization versus sequential optimization is reviewed and discussed in [3],
where the main focus is put on the energy markets, the day-ahead, intra-day and balancing markets.

Most literature on multi-market scheduling or bidding does not explicitly compare day-ahead
bidding with or without further market consideration, but instead focuses on the usefulness of certain
modelling features and how this affect the model results. An early example is Deng et al. [4] who
focus on stochastic programming when modelling co-optimized multi-market scheduling covering the
day-ahead and ancillary services markets. A case study show increased expected value with stochastic
programming relative to deterministic programming on simulated price and activation quantities.
Vardanyan and Hesamzadeh [5] provide a recent example, showing how bid curves are affected when
including risk measures in co-optimized bidding in the day-ahead, intra-day and real-time markets.

A few studies have sought to quantify the added value of multi-market trading relative to
day-ahead trade only for hydropower producers. Boomsma et al. [2] develop a stochastic model for
the day-ahead and balancing market including imbalance settlement. For Danish market data in
2010, they find added values in the range 9.6–30.8% for different months with a median at 16.5% with
co-optimized trading. Similar analysis was done for sequential trading and the numbers are 1.2–19.8%
with a median at 2.7%. In the same markets using Norwegian data from 2013–2014, also using a
stochastic co-optimizing model, Fodstad et al. [6] find values up to 1.1% for representative days in
October. Braun [7] builds a deterministic model for the German markets with a price-making pumped
hydropower producer. He observes a doubling of profits when allowing intra-day trade on top of
the day-ahead position in the first four months of 2015. Schillinger et al. [8] assess the added value
of participating in the Swiss primary reserve, secondary reserve and balancing markets in addition
to day-ahead using data from 2011–2015. Assuming perfect foresight over a year, they report added
values in the range 40–90% for a small inflexible plant and 50–130% for a large flexible plant when
co-optimizing the trades.

Some publications do quantify the added value of co-optimized trading relative to sequential
trading. Faria and Fleten [9] present a case study for trading in the Norwegian day-ahead and intra-day
markets, and find the added value to be less than 0.65%. Multiple papers have looked into co-optimized
trading in the day-ahead and balancing markets. Klæboe [10] observes a value of less than 0.1% for
co-optimized trading. Boomsma et al. [2] report values from the Danish market ranging from 4–25%
depending on the time of year and the size of the deviation between price expectations in the two
markets. Kongelf and Overrein [11] model the day-ahead, primary reserve and balancing markets,
and observes a value of 0.89–1.16% for co-optimized trading over sequential trading.

To summarize, the extent to which added values from participation in multiple markets is
observed is varying, and still no clear conclusion can be drawn from literature. Not too surprisingly,
taking into account that European market integration is not fully reached, the values differ in different
countries and markets. In addition, there are substantial differences in the modelling choices that can
cause these discrepancies.
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This paper will add to the literature by presenting a study of the value of trades in multiple
energy markets in different price areas and with different hydropower plant properties. We approach
the question of valuing multi-market trade with a simplified model assuming perfect foresight that
gives an upper bound to the achievable profit. This corresponds to the approach used in, amongst
others, Ref. [8] to assess added value of multi-market hydropower trading, Ref. [12] to assess revenue
potentials for energy storages and [13] to assess the added value of hydraulic short-circuit operation
of pumped-storage in day-ahead and reserve markets. Furthermore, we aim to analyse the different
components contributing to the added value, to understand under what assumptions the values
might be realizable. With this approach, we avoid complicating model features that increases the
computational burden, complicates the input data preparation and result analysis, and possiblyreduces
generalizability of the results. Based on this upper bound, a decision can be made on whether more
comprehensive tools are worth developing.

2. Model Description

We use a linear optimization model to maximize the profits a price-taking hydropower producer
can achieve from trading electric energy. The model has a one-year horizon with hourly time resolution
and includes multiple markets. A full mathematical description of the model is given in Appendix A.

We include three separate markets in our model: the day-ahead (DA), hourly intra-day (ID) and
balancing market (BM). The prices and available volumes for trading in each market are represented
by historically observed values. In DA, only a sale is possible, while, in ID and BM, the producer
has an option to purchase electricity. In most areas, ID is a continuously traded bilateral market, but,
for simplicity, we represent the ID market with one sale and one purchase price per hour. The prices
are calculated as the weighted average price from the individual ID trades in each modelled area
in each hour. We include an hourly trade limit in each market as an upper bound on the sale and
purchases. The limits are set according to historically traded quantities in each market. For BM, the
activated energy deliveries are used as limits instead of the capacities provided to the market, since
these are the quantities that are remunerated by the BM price in NordPool.

The model focuses on the business side of the hydropower production and therefore has a
simplified one-reservoir description of the physical production system. The production function is
linear. This implies that the efficiency is constant and that neither head effects nor generator start/stop
are represented. In line with the perfect foresight assumption, the inflow is known and follows a real
historical inflow profile for a Norwegian reservoir. The end reservoir level is set equal to the initial
reservoir level to ease the comparison between model runs. The simplified modelling of the production
system makes it possible to guarantee that the global optimum is reached within a short computation
time and that the observed differences are due to market characteristics. In this study, we have focused
on relative differences between model runs given different market assumptions, which we believe
limits the error introduced through the simplified modelling.

3. Data

We use real historical market data from 2015 to analyse the potential value-creation from
multi-market trades relative to single-market trade. This is combined with a number of different
assumptions with regards to the hydro reservoir and plant specifications for our power producer.
The specifications for the production system is varied to show how different production size and
flexibility characteristics affect the potential for realising the values in multi-market trades.

3.1. Market Data

The analysis covers the three energy markets—DA, ID, and BM—with data from the price areas
NO5 (western Norway), SE3 (middle Sweden) and GE (Germany). The DA and ID markets are
operated by NordPoolSpot (NO5, SE3) and EpexSpot (GE), while BM markets are operated by the
respective TSOs. For ID only the continuously traded market with hourly deliveries is included. Data
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for all combinations of markets and price areas was used in the study, except BM in GE due to lack of
available data. The motivation for including different price areas is to observe how the price patterns
from systems with different production mixes affect the results. The Norwegian power system has
mainly regulated hydropower, the Swedish system a combination of hydropower (mainly run-of-river),
VRES and thermal, while the German system has a relatively larger share of VRES (approximately 45%
of total installed electricity generation capacity in 2015). Due to the expectations of increasing market
and system integration, as well as the increasing shares of VRES, Swedish and German market data
can be seen as proxies for the future market for Norwegian hydropower producers.

Table 1 shows some descriptive statistics for prices and traded quantities calculated with the
market data used in the study. The historically traded quantities (Quant.) are used as limits for the
position that can be taken in each market. The coefficient of variation (Coeff. of var.) measures the
variability relative to the mean value, while the availability is the percentage of the hours where the
traded quantity was larger than zero. For BM, the quantities used is the quantities activated by the
Transmission System Operator (TSO), as opposed to the capacities kept available by the supplier. In all
areas, the DA quantity exceeds the production capacity for all of our modelled plants, and the same
holds true for ID quantities in Germany. This means that these quantities will not limit the trades in
our analysis and therefore statistics are not presented. Purchase in DA is not included in the model
and therefore not presented in the table either. For GE, we did not have access to individual trades for
ID, only a single market price. To avoid model results with large zero-profit trades within this market,
the ID purchase price is set 0.01 e/MWh above the sale price.

Table 1. Characteristics of market data from 2015.

DA Sale ID Sale ID Purchase BM Sale BM Purchase

N
O

5 Pr
ic

e Mean 177.22 188.23 176.17 215.44 135.51
Coeff. of var. 0.38 0.36 0.42 0.38 0.48

Q
ua

nt
. Mean 54.76 46.28 133.75 127.16

Coeff. of var. 1.41 1.38 0.93 1.00
Availability 100% 22% 18% 30% 35%

SE
3 Pr

ic
e Mean 197.80 203.20 196.08 272.89 151.87

Coeff. of var. 0.44 0.43 0.45 1.58 0.42

Q
ua

nt
. Mean 124.72 133.03 63.90 56.67

Coeff. of var. 1.19 1.36 1.01 0.98
Availability 100% 89% 89% 27% 30%

G
E

Pr
ic

e Mean 283.78 284.58 284.59
Coeff. of var. 0.40 0.45 0.45

As can be observed from Table 1, the price levels in the three areas are on average such that NO5
has the lowest prices and GE the highest prices. Furthermore, BM has the largest spread both in NO5
and SE3, which is reasonable since the price by design is equal or higher than DA for sale and equal or
lower than DA for purchase. The correlation between BM prices and other market prices within each
area is also weaker than between DA and ID (numbers not shown). There are indications that the price
variability is larger in SE3 and GE than in NO5, but this observation is not unambiguous. It could be
noted that the BM sale price in SE3 is affected by an incident with very high prices in November due to
multiple simultaneously unexpected events, and removing this from the data would have lowered the
mean price to 265.25 e/MWh and the coefficient of variation to 0.83. The ordering of traded quantities
follows the price ordering, with GE being by far the largest market and NO5 the smallest. The three
areas differ particularly in the size of the ID market where GE has trade in all hours while NO5 has
trade only one fifth of the hours. While BM is the second largest market in NO5 both in mean quantity
and availability, the BM market is the smallest market in SE3.
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3.2. Plant Data

We have included five different production systems (plants), in our analysis (see Table 2 for an
overview). All of these plants have no reservoir or only a single reservoir. The plant characteristics are
constructed to observe how the multi-market values are affected by two dimensions characterizing
the plants: the size and the flexibility. Size is determined by the combination of production capacity,
storage capacity and yearly inflow. For the plants Small, Medium and Large, these values have the
same relative size. This implies that the three plants also have the same flexibility. Flexibility covers
both the ability to choose production output and the volume of water that can be stored. Flexibility
can be described by the two measures Full load hours (Full load hours = Yearly inflow/(Production
capacity × Hours in the year)) and Degree of regulation (Degree of regulation = Reservoir size/Yearly
inflow. This corresponds to the number of years needed to fill an empty reservoir). The plants
Run-of-river, Small and Regulated represent the flexibility-dimension in increasing order. They have
equal production capacity but different reservoir size and yearly inflow. The plants Small, Medium and
Large have production capacities that are within the range of real Norwegian plants. Run-of-river, Small
and Regulated have a very low installed effect to make the price-taker assumption more reasonable,
while inflows and reservoirs are scaled to match the flexibility properties of a typical real run-of-river
plant and a real plant with large flexibility.

Table 2. Characteristics of plants.

Property Unit Small Medium Large Run-of-River Regulated

Production capacity MWh/h 10 150 300 10 10
Storage capacity GWh 30 450 900 0 49.7
Yearly inflow GWh 40 600 1200 42/33.3 * 16
Full load hours 46% 46% 46% 48%/38% * 18%
Degree of regulation years 0.75 0.75 0.75 0 3.1

* The inflow profile is scaled to a yearly inflow of 42 GWh, but due to the limited production capacity and
lack of storage capacity 8.7 GWh is spilled, giving a usable inflow at 33.3 GWh.

All plants have the same hourly profile for the inflow through the year, as presented in Figure 1.
The profile corresponds to the inflow profile of the catchment area Bjoreio within the NO5 area in 2015.
Initial and end reservoir level is set at 70% of the capacity in all model runs, which corresponds to the
average reservoir level in NO5 at entry of year 2015.
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Hours

Figure 1. Inflow profile based on observations from 2015.



Energies 2018, 11, 16 6 of 15

4. Test Set-Up

We run the model with a set of different assumptions that can be organized along three dimensions:
Plant, Area, and Market. Plant and Area refer to the different plant specifications and price areas
presented in Section 3. Market describes which markets are included in the analyses. The combination
of markets that we have included in our analyses is listed in Table 3. All combinations of the dimensions
are optimized, except market combinations with BM for GE. The benchmark that we compare our
results with is a model run where only the DA market is included. The DA market is the dominating
market at the moment and, as such, a natural benchmark for the value of including additional markets
in the planning for a power producer. The following multi-market analyses will show what added
values can be achieved on top of these benchmark values.

Table 3. Values in the analysis dimension Market.

Market Name and Order

DA
DA + ID
DA + BM

DA + ID + BM

Additionally, Pure market trade model runs are conducted measuring the arbitrage potential in the
market data. This is calculated as the profits from trading on the spread between purchase and sale
price within the trade limits assuming a zero net position in each hour.

The linear model is implemented in Xpress Mosel 3.10 [14] and solved with Xpress Optimizer
28.01 [14]. A typical problem with all three markets included has 96 thousand variables, 105 thousand
constraints and takes less than 2 s to solve on a laptop with Intel Core i7-3740QM @ 2.70 GHz.

5. Results and Discussion

In this section, we will present the main results from our analyses. We start by presenting the
results for the benchmark, where only the DA-market is included. Next, we discuss liquidity in the
markets and our price-taker assumption. We then move on to analyse the added value of participating
in multiple markets, either as seller only or as both seller and buyer, and what drives these values.
Lastly, we discuss how our modelling set-up affects the result interpretation and the possibility to
draw conclusions from our study. Appendix B provides tables summarizing the calculated market
profits that form the basis for the result analysis.

5.1. DA Only—The Benchmark

The value of optimally selling the available energy in the DA market is used as the benchmark for
the analyses. Remember that also the DA only model runs have perfect foresight, which means that the
benchmark is an upper bound to the real achievable value of the available energy, and thereby a tough
benchmark to beat. In particular, the benchmark will, within the storage limitations, perfectly allocate
the available energy over the year according to the DA price. Combined with the high correlation
between prices in the markets, this means that the value of storage due to seasonal, weekly, and daily
patterns are largely captured in the benchmark.

Figure 2 shows the benchmark values as total profit (upper) and average profit per MWh (lower).
The on average higher price in GE and SE3 relative to NO5, as discussed in Section 3.1, are clearly
seen in the figure in terms of higher profits for the same plants. Furthermore, the figure shows
some properties in the plant definitions. The three plants representing increasing sizes, i.e., Small,
Medium, and Large, have increasing DA profits but equal profit per MWh. On the other hand, the
three plants with increasing flexibility, Run-of-River, Small, and Regulated exhibit increasing profits per
MWh. The different benchmark values shown in Figure 2 are used in the following when we refer to
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percentage added value relative to DA only. Since the benchmark values are different, this means that
a direct comparison of percentages for different plants or areas will not be valid.
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Figure 2. Benchmark values: optimal value of DA sale for each Plant and Area.

5.2. Market and Plant Size

ID and BM are given trade limits in line with historically traded quantities. The motivation for
including trade limits is the relatively small quantities that currently are traded in these markets.
Figure 3 show how the added value from allowing BM-sale in NO5 is reduced as these limits are
reduced stepwise down to 20% of the historically traded quantities. The figure clearly shows that the
plants Medium and Large have capacities that exceeds the BM upregulation quantities, while Small
is more robust towards the limits. The mean quantity and availability values from the market data
given in Table 1 indicate an even stronger sensitivity to trade limits for ID in NO5 and for BM in
SE3, and somewhat weaker for ID in SE3, while DA and the German markets do not give trade limit
sensitivity. These results show the same trend as those found by [8] modelling the Swiss market,
who observe that big and medium sized plants are largely affected by limitations in the market size.
In addition, a small plant of 22 MW sees a revenue reduction of approximately 10% relative to the
unlimited trade when market limits reaches 2.5% of the traded quantities.
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Figure 3. Sensitivity to trade limit reductions in NO5 for DA + BM.

From this, the price-taker assumption can clearly be criticized. A natural alternative would be
to choose a price-maker assumption, so that large positions would be less profitable due to the price
response, as done for instance in [7]. Our reasons for not doing this is twofold: (1) the price-taker
assumption makes the analyses independent of price-elasticity assumptions that are usually hard to
quantify and (2) we prefer to not give the producer any incentives for strategically affecting the price.
Our modelling choice is in line with the upper bound approach previously discussed. An alternative
approach, as presented in [11], could be to model the trade limits as stochastic parameters, but this
would contradict the perfect foresight assumption of our study.

5.3. Sale in Multiple Markets

In this analysis, we give the producer the opportunity to sell power in multiple markets. Figure 4
shows the relative added profits for the different case runs for the Small plant. The numbers show
the percentage increase with multi-market sale compared to the benchmark solution. As expected,
the relative profits increase when we add additional markets. Each new market provides a new
opportunity for trades without invalidating the benchmark solution. The results indicates a general
increasing value of multi-market sale going from NO5 to SE3, and a further increase in GE for DA + ID.
The result is strengthened by the fact that GE has 100% availability in the ID market and large traded
quantities (more than 100 times the capacity of Small in 96% of the hours). This implies that the
observed value potential is not limited to small markets where market imperfections might challenge
the validity of the observations.
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Figure 4. Added value from multi-market sale as percentage of DA only profit for plant Small.

The chart to the right in Figure 4 shows the results when the production profile is fixed to the
production profile from the DA only run (same hourly production throughout the year), while the
chart to the left shows the results when the production profile is freely optimized in the multi-market
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analysis. As can be seen from the charts, the values in the right chart are only slightly below those to the
left. This is mainly due to the strong correlation between the market prices. This has two implications:
firstly, the producer do not need perfect foresight through a whole year to have the potential for a
substantial multi-market sales value. Most of the potential added value requires only perfect foresight,
or more realistically a good forecast for each market at the time of DA bidding, to be able to decide
how much to offer in DA and how much to sell in subsequent markets. Secondly, a substantial part of
the multi-market sales value can be achieved independent of the ability, and cost, related to within
hour production changes.

Still, the results indicates that the properties of the plant do affect the multi-market sales value,
as shown in Figure 5. The figure shows the increase in average price obtained in the multi-market
analysis in SE3 for the three plants with different flexibility characteristics. Remember that the reference
price for these plants are varying, as shown in Figure 2b, and also that the delivered quantity is different
for the different plants. The results indicate that the trend from DA is strengthened when multiple
markets are available. That is, the flexible plants see a larger price increase on the already higher
average price from DA than the less flexible plants. This implies that the access to multiple markets
has a larger value potential for producers who can control their production output by utilizing the
reservoir than producers with intermittent production. These results match the observations [8] do in
their similar analysis using Swiss historical prices.
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Figure 5. Increase in average profit per MWh with multi-market sale in SE3 for plants with
different flexibility.

In the right-hand side of Figure 5, the production profile is fixed according to the optimal profile
for DA sale, while, on the left side, the production is freely optimized. Comparing the two sides of
the figure gives similar observations as in Figure 4. That is, most of the price increase potential is
kept even when the production profile is fixed. The trend, though, is that the larger the flexibility in
the plant, the more valuable it is to adapt the production profile. Run-of-River represents an extreme
case, since it, per design, does not have any ability to adapt the production, giving equal values on
both sides of the figure. Small reaches a smaller price increase than Run-of-River in DA + ID when the
production profile is fixed. This is because Small sells a larger quantity, which gives a smaller average
price, despite obtaining a larger added value in absolute terms than Run-of-River.

5.4. Bidirectional Trade in Multiple Markets

The hydropower producers can, in addition to selling their production in the markets, also
participate in the markets by purchasing power. This possibility provides the producers with additional
flexibility in their production planning. Figure 6 shows the resulting additional profits when we
add purchase liquidity in the markets. As we can see from these numbers, the effect on profits is
substantial—for SE3, the added value is more than three times the value of Small in DA.
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Figure 6. Added value of bidirectional multi-market trade for the plant Small in NO5 and SE3 relative
to DA only sale.

In order to understand why the effects from introducing purchase liquidity in the markets are so
large, we have isolated the profits from within-hour arbitrage running the model with Pure market trade.
The values identified as arbitrage values are shown in Figure 7. The figure shows that the main part of
the added value comes from pure market trades between and within the markets. When removing
this arbitrage value from our results, there is no added value beyond what is achieved with only a sale
(see Figure 4). This means that adding purchase liquidity to the markets does not increase the value of
the water resources available to the hydropower producer in our setting. If the power producer does
purchase one unit of power in a market in a given hour, he will have no means of utilizing this power
unit other than selling it in a different market within the same hour. If the power producer had access
to a pumping storage facility, or had contractual delivery commitments, this could have changed the
analysis. Additionally, if we had included uncertainty, the purchase liquidity could have been used to
avoid production costs or imbalance costs in non-favourable market clearing situations.
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Figure 7. The value of Pure market trade relative to the value of the production in Small sold in DA
in NO5 and SE3. Both arbitrage values within a single market and combining multiple markets
are presented.

The results of our analysis highlights the importance of dealing with unwanted arbitrage options
that might be available when modelling both purchase and sale. This is true both for deterministic and
stochastic models, although the effects are easier to identify in deterministic models. We must be aware
of these values as a source of disturbance, since an optimization model will aim to utilize any profit
potential, including arbitrage, not differentiating between pure market speculation and rebalancing
motivated by properties in the production system. In our stylized model, with a highly simplified
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description of the production technology, no price response, and known prices across multiple markets,
this property becomes very visible. In more complex models with stricter assumptions, the arbitrage
values are usually relatively smaller and thereby harder to observe, but that does not necessarily mean
they are not there.

In order to limit unrealistic arbitrage profits in analyses with bidirectional multi-market trade,
two approaches are often used: rolling-horizon and stochastic programming. By using a rolling-horizon
set-up, perfect foresight over the full analysis horizon is avoided. This can reduce the possibility of
intertemporal arbitrage trades. However, in our analysis, the arbitrage values can be achieved by
bidirectional trading within the same hour. That is, given the assumptions and data used in our analysis,
a rolling-horizon set-up would not influence our results in terms of arbitrage values. With stochastic
programming, however, the problem of unrealistic arbitrage values may be reduced or eliminated
completely. To what extent arbitrage potentials are present in a stochastic model is determined by
the scenario generation method and scenario tree size. For instance, if the scenario tree is constructed
such that all markets trading the same product have the same expected price in the scenario tree,
this will remove all arbitrage options. However, in reality, different markets trading the same product
typically have different conditions, e.g., the closing time. Such differing conditions can cause price
differences, which, again, give rise to potentials for pure financial gains. To realistically represent this,
the real information structure and data properties must be replicated at a very high level of detail in
the scenario tree. It is also worthwhile to notice that such financial gains in a stochastic model, and in
reality, will be subject to uncertainty and risk.

5.5. Results Discussion

In our analyses, we have identified a value-creation potential for hydropower producers from
participating in multiple-markets. This potential depends on the plants’ characteristics (size and
flexibility), the number of markets that the producer participates in, as well as the geographical area
in which the producer is located. To quantify the potential, we have used a simplified model of the
physcial production system and perfect foresight for all uncertain parameters. It is important to note
that while these assumptions provide an upper bound on the profits obtained by the producer, it is not
necessarily an upper bound on the added value of participating in multiple markets, which we have
calculated as the difference between the multi-market profits and the profits from DA only.

There are several elements that might increase the added value-creation potential for hydropower
producers that do not show up in our results. Firstly, the assumption of perfect foresight might
negatively affect the value of multiple markets. The access to multiple markets provides the producers
with addititional flexibility when selling their production. With perfect foresight, they can use this
flexibility to maximize their profits by choosing the market with the highest price. When the producers
have to take into account uncertainty in prices, tradeable quantity and inflow; however, this flexibility
can provide value through improved recourse decisions. The access to this flexibility can also improve
the decisions that the producers take for the upcoming period. That is, the value of recourse decisions
can increase due to the added flexibility provided by the multiple markets, while the first-stage
decisions may improve when the producer realize that this flexibility is available at a later stage in
time. By removing the perfect foresight for the producers, the absolute value of their production
over the year would certainly not increase, but the relative value of access to multiple markets may
increase. Secondly, by including a combination of uncertainty and a more sophisticated modelling
of the physical production system, the access to multiple markets may provide the producers with
sufficient flexibility to avoid high production costs due to unfavourable market clearings. This will
typically have the largest value for inflexible producers, such as Run-of-river and other VRES, who
can seek to adjust their position in the market as production forecasts improve closer to the time of
operation, and thereby avoid costly imbalance settlements.

Our analyses do not, however, provide a lower bound on the value of trading in multiple markets
either, and there are several factors that may contribute to reducing the values that we have identified.
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Firstly, the assumption of perfect foresight and co-optimized trading increases the potential of the
producer to exploit any price differences between the markets such that the highest available price
is always obtained. Secondly, the simplified production system modelling may obscure important
production costs that could reduce the value of multiple-market trading, for instance, additional costs
of changing production plans at short notice. Finally, our analysis of the influence of liquidity in the
markets illustrate that for some of the markets the liquidity limits are too liberal.

In summary, what we can conclude is that our analyses illustrate that there is an added
value-creation potential with multi-market trading given our assumptions. There is also a vast potential
for further research in order to detail how different assumptions will influence this value-creation.

6. Conclusions

In this paper, we have presented a case analysis to illustrate the potential value creation from
multi-market trading for a price-taking hydropower producer with perfect foresight. The studied
markets are the day-ahead, intra-day and balancing markets, represented by historical data from
Norway (NO5), Sweden (SE3) and Germany in 2015. We have used a stylized model for the physcial
production system to focus on the implications of market availability and properties.

Based on our results, we conclude that there is a theoretical potential for added value creation from
selling in multiple markets compared to the benchmark of just selling in the dominating day-ahead
market. For example, in the most liquid market, Germany, the calculated added value with day-ahead
and intra-day relative to day-ahead only is in the range 6.4–7.9% depending on the plant’s flexibility.
The major part of this added value is also achieved when the perfect foresight is limited to the horizon
from day-ahead bidding until the time of operation, observing values in the range 4.7–7.8% with the
German day-ahead and intra-day market.

Plants with different flexibility properties in terms of number of full load hours and degree of
regulation are studied. The results show that added values are largest for the most flexible plants and
flexible plants also have the largest benefit from a long perfect foresight horizon.

To improve the assessment of multi-market trading values, we suggest several lines of research.
A more realistic modelling of market uncertainties (prices, liquidity limits and balancing activation),
in particular within the day-ahead horizon, is preferable. Furthermore, when analysing small markets,
the inclusion of market power and possibly also stochastic liquidity limits are suggested. Moreover,
improved modelling of the production system, both production function and inflow uncertainty,
would give a more realistic description of production cost and recourse value from rebalancing
trade options.

Acknowledgments: The authors would like to thank the Norwegian Research Council for funding through the
research grant 243964/E20.

Author Contributions: Marte Fodstad and Mats Mathisen Aarlott jointly prepared the model and data.
Mats Mathisen Aarlott performed the experiments. Marte Fodstad and Kjetil Trovik Midthun wrote the paper.
Experiemental design and analysis was joint work amongst all three authors.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Mathematical Model Formulation

The model used in the analyses is described above. Table A1 defines the variables used in the
model. The objective function maximizes the profit in the markets. Equation (A2) is the hourly energy
balance and Equation (A3) is the reservoir balance. Upper limits for production and reservoir level are
enforced in Equations (A4) and (A5). In Equations (A6) and (A7), the initial and end reservoir level is
controlled. Equations (A8) and (A9) limit the trade positions in each market, to reflect limitations in
market liquidity:
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max ∑
m∈M

∑
t∈T

Ps
m,tsm,t − Pb

m,tbm,t, (A1)

s.t. qt = ∑
m
(sm,t − bm,t) ∀t ∈ T , (A2)

rt = rt−1 − qt − ot + It ∀t ∈ T , (A3)

qt ≤ Q t ∈ T , (A4)

rt ≤ R t ∈ T , (A5)

rT = r0, (A6)

r0 = R0, (A7)

sm,t ≤ Sm,t ∀m ∈ M, t ∈ T , (A8)

bm,t ≤ Bm,t ∀m ∈ M, t ∈ T , (A9)

qt, rt, ot, sm,t, bm,t ≥ 0 m ∈ M, t ∈ T . (A10)

Table A1. Nomenclature.

Name Description

Indexes and sets
m ∈ M Market
t ∈ T Hourly time steps. Ordered set

Parameters
Q Production capacity [MWh]
R Reservoir capacity [MW]
R0 Initial reservoir level [MWh]
It Inflow in hour t [MWh]
Ps

m,t Sales price in market m in hour t [e/MWh]
Pb

m,t Purchase price in market m in hour t [e/MWh]
Sm,t Sales limit in market m in hour t [MWh]
Bm,t Purchase limit in market m in hour t [MWh]

Decision variables
gt Production in hour t [MWh]
rt Reservoir level in the end of hour t [MWh]
ot Spillage in hour t [MWh]
sm,t Sale to market m in hour t [MWh]
bm,t Purchase from market m in hour t [MWh]

Appendix B. Result Raw Data

Tables A2–A6 provide the market profits achieved by each plant in each price area and market
combination under the different trading strategy assumptions.

Table A2. Sale with free production profile [e].

Country Plant DA DA + ID DA + BM DA + ID + BM

NO5 Small 1,054,649 1,069,482 1,114,166 1,125,534
NO5 Medium 15,819,734 15,927,303 16,486,223 16,574,606
NO5 Large 31,639,467 31,775,653 32,612,535 32,736,458
NO5 Run-of-River 538,878 550,538 587,027 595,889
NO5 Regulated 468,297 477,986 505,259 512,612

SE3 Small 1,178,390 1,234,684 1,329,194 1,363,680
SE3 Medium 17,675,852 18,198,400 18,750,860 19,202,036
SE3 Large 35,351,704 36,060,643 36,588,289 37,261,080
SE3 Run-of-River 606,729 650,689 673,012 702,930
SE3 Regulated 571,287 604,485 697,056 716,739

GE Small 1,691,281 1,801,587 NA NA
GE Medium 25,369,214 27,023,804 NA NA
GE Large 50,738,428 54,047,608 NA NA
GE Run-of-River 1,028,733 1,110,041 NA NA
GE Regulated 804,918 856,295 NA NA
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Table A3. Sale with production fixed to DA only profile [e].

Country Plant DA DA + ID DA + BM DA + ID + BM

NO5 Small 1,054,649 1,063,323 1,105,638 1,112,295
NO5 Medium 15,819,734 15,883,792 16,377,647 16,432,458
NO5 Large 31,639,467 31,725,811 32,450,293 32,531,110
NO5 Run-of-River 538,878 550,538 587,027 595,889
NO5 Regulated 468,297 473,152 493,136 497,045

SE3 Small 1,178,390 1,225,503 1,309,176 1,339,420
SE3 Medium 17,675,852 18,103,138 18,594,322 18,969,237
SE3 Large 35,351,704 35,921,814 36,407,815 36,952,734
SE3 Run-of-River 606,729 650,689 673,012 702,930
SE3 Regulated 571,287 596,121 666,598 683,418
GE Small 1,691,281 1,782,956 NA NA

GE Medium 25,369,214 26,744,346 NA NA
GE Large 50,738,428 53,488,692 NA NA
GE Run-of-River 1,028,733 1,109,328 NA NA
GE Regulated 804,918 843,110 NA NA

Table A4. Bidirectional trade with free production profile [e].

Country Plant DA DA + ID DA + BM DA + ID + BM

NO5 Small 1,054,649 1,185,651 3,619,046 3,834,418
NO5 Medium 15,819,734 16,039,390 18,989,369 19,250,795
NO5 Large 31,639,467 31,886,851 35,112,503 35,399,894
NO5 Run-of-River 538,878 666,694 3,092,037 3,303,445
NO5 Regulated 468,297 594,592 3,010,418 3,223,206

SE3 Small 1,178,390 3,265,388 2,374,378 5,010,857
SE3 Medium 17,675,852 20,088,973 19,795,521 22,360,724
SE3 Large 35,351,704 37,885,036 37,632,930 40,268,417
SE3 Run-of-River 606,729 2,687,930 1,718,366 4,404,221
SE3 Regulated 571,287 2,640,854 1,742,518 4,377,799

GE Small 1,691,281 21,399,277 NA NA
GE Medium 25,369,214 45,486,668 NA NA
GE Large 50,738,428 71,293,389 NA NA
GE Run-of-River 1,028,733 20,718,306 NA NA
GE Regulated 804,918 20,503,012 NA NA

Table A5. Bidirectional trade with production fixed to DA only profile [e].

Country Plant DA DA + ID DA + BM DA + ID + BM

NO5 Small 1,054,649 1,179,809 3,610,534 3,821,649
NO5 Medium 15,819,734 15,997,831 18,879,149 19,114,096
NO5 Large 31,639,467 31,839,149 34,940,980 35,198,576
NO5 Run-of-River 538,878 666,694 3,092,037 3,303,445
NO5 Regulated 468,297 589,824 2,998,222 3,207,726

SE3 Small 1,178,390 3,257,961 2,354,402 4,994,891
SE3 Medium 17,675,852 20,015,276 19,639,123 22,205,054
SE3 Large 35,351,704 37,780,913 37,452,617 40,058,671
SE3 Run-of-River 606,729 2,687,930 1,718,366 4,404,221
SE3 Regulated 571,287 2,634,333 1,712,057 4,361,200

GE Small 1,691,281 21,359,018 NA NA
GE Medium 25,369,214 44,881,405 NA NA
GE Large 50,738,428 70,080,080 NA NA
GE Run-of-River 1,028,733 20,712,558 NA NA
GE Regulated 804,918 20,471,158 NA NA
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Table A6. Pure market trade [e].

Country DA DA + ID DA + BM DA + ID + BM

NO5 0 116,860 2,505,437 2,712,202
SE3 0 2,046,292 1,045,928 3,740,389
GE 0 19,678,576 NA NA
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