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Abstract

In this thesis, the effects of wind power forecast errors were studied within intraday
markets between 2019 and 2022 Hi. The study is done in the Finnish price zone
and only Finnish wind power production is considered. The difference between
day-ahead and hour-ahead wind power forecast is compared with day-ahead elec-
tricity price and volume weighted intraday electricity price three hours before de-
livery. This result was compared with the same forecast error and the price differ-
ence of day-ahead electricity price and imbalance settlement price. Also, the costs
of intraday balancing of wind power are calculated and compared to potential im-
balance settlement costs in a rudimentary manner. Furthermore, the volume driv-
ers for the intraday market are analyzed.

The study shows that wind power does affect intraday pricing and volumes. Com-
pared to imbalance pricing, the intraday market has been successful means of bal-
ancing in normal scenarios. In shock scenarios, the intraday markets are not that
effective market as it lacks depth and consumer-side market players. Average in-
traday prices are cheaper than imbalance prices when it comes to balancing
wind power forecast errors. Consumption errors affect the intraday market vol-
umes more than wind power forecast errors.
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Tiivistelma

Tassd diplomityossa tutkitaan tuulivoiman ennustevirheiti intraday kau-
pankdynnin kannalta ajanjaksolta 2019 — 2022 H1. Tutkimus on tehty vain
Suomen hinta-alueelta ja vain Suomen tuulivoimatuotanto on otettu huomi-
oon. Piivai- ja tuntia edeltdavai tuulivoimaennustetta verrataan Spot hin-
taan, sekd kolmea tuntia ennen toimitusta kiytyyn intraday hintaan. Tata
tulosta verrataan samaan tuulivoiman ennustevirheeseen ja Spot hinnan
seka tasesahkon hinnan eroon. Lisdksi tuulivoiman intraday-tasapainotta-
misen kustannuksia lasketaan ja verrataan taysin tasevirheella laskutettuun
taseeseen. Myos intradayn volyymiajureita tarkastellaan.

Tama tutkimus nayttaa, ettd tuulivoima vaikuttaa intraday kaupankaynnin
hintoihin sekid volyymeihin. Verrattuna tasepoikkeaman hintaan, intraday
on verrattain tehokas tasapainottamisen keino normaaleissa tilanteissa.
Suuremmissa ennustevirhetilanteissa intraday ei ole riittava keino tasapai-
nottaa ennustevirheita, silla intradaysta puuttuu markkinoiden syvyytta ja
kuluttajapuolen markkinatoimijoita. Keskimaaraiisilld intraday hinnoilla
tuulivoiman ennustevirheiden tasapainottaminen on halvempaa intra-
dayssa kuin sen maksaminen tasevirheeni. Kulutuksen ennustevirheet ovat
suurempi volyymiajuri intraday kaupankaynnissa kuin tuulivoiman ennus-
tevirheet.

Avainsanat intraday, tuulivoima, ennuste, tasesdhko
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1 Introduction

The amount of intermittent and forecast-based renewable electricity is in-
creasing in the Finnish electricity system. The amount of new wind power in
2022 is planned to increase by 56 % of the total amount of wind power ca-
pacity at the end of 2021 (Tuulivoimayhdistys, 2022a). As electricity cannot
be yet stored efficiently on a large scale, the same amount of electricity must
be produced at the same time as it is consumed. Production of renewable en-
ergy sources cannot necessarily be forecasted accurately enough for day-
ahead (DA) actions. The forecast error is dealt with in intraday (ID) balancing
markets, or it is either billed or compensated as an imbalance depending if
the error was surplus or deficit. It is stated in the contract between the Finn-
ish transmission system operator (TSO), Fingrid, and the balance responsi-
ble, that the changes in production or consumption must be balanced with
reasonable means. (Fingrid, 2022a) Balance responsible is, for example, a
big electricity production company which operates one or multiple power
plants.

In similar works, research on the connection between ID prices and renewa-
ble forecast errors has been done for Nordic countries (Karanfil, 2017) and
Denmark (Spodniak, 2020), but not specifically about Finland nor in recent
years, while the share of wind power has grown significantly.

The focus of this thesis is to investigate if there is a strong correlation between
the DA price and the ID price of electricity when there is a change in the DA
and ID wind power forecast. This correlation is then compared with other
electricity prices, for example, the imbalance cost of electricity.

Therefore, the primary research questions for this thesis are:

(1) Is the forecast error of wind power efficiently traded in ID markets, or
are there other markets in which the balance error is dealt with?

(2) If the ID market is not the primary marketplace for forecast errors,
then why is it so, and should it become more widely used?

(3) What other connections are there between electricity markets and
wind power?

The short-term energy markets are an important research topic as the share
of intermittent renewable production is rising rapidly, and balancing mech-
anisms will be under stress in the future, if not already. Comparing the pre-
vious research to new results can hint at the direction of how each market-
place is and will be utilized as a balancing source. Moreover, the research on
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the overall system cost of the energy transition is also important from an eco-
nomic point of view. Efficient ID markets benefit both producers and con-
sumers as this enables more efficient balancing for forecast errors. Efficient
ID markets could mitigate the system integration cost of renewables as bal-
ancing risks for intermittent renewable production could be managed better.
Identifying ID market fundamentals and price drivers will help price discov-

ery.

This thesis compares Finnish Spot and ID market behavior to wind power
forecast errors. Cross-border flows are not taken into account, nor other in-
dividual production or consumption error sources are in focus, but total con-
sumption errors are considered. The time scope of this study is 1.1.2019 —
30.6.2022 (2022 H1).



2 Literature review

There is some research about renewable production forecasts and DA-ID and
regulating electricity price differences. Most of the research focuses on Euro-
pean markets, more specifically, Scandinavian Nordics and Germany. Even
though Finland is included in one of the studies, the study was done five years
ago when there were under half of the wind power capacity constructed. Re-
gardless, earlier studies provide a good foundation for this study as they can
be used to support the findings in this research.

Rintamaki et al. (2020) studied the DA and ID markets and how a producer,
which is flexible, can operate in a high-volume ID environment. They found
that there are fewer market participants in ID markets than in DA markets,
as there are bigger barriers to operating in the ID market. These barriers en-
able the few market participants to exploit market power. They also provided
a theory that as intermittent renewable energy gets more common and drives
DA prices, the ID markets become a marketplace for parties who pursue
higher profits.

Amelin (2015) evaluated the Nordic ID trading scheme in a hydro-wind dom-
inant electricity system. The study concluded that the Nordic electricity sys-
tem is highly reliant on flexible hydropower, which can be used as frequency
control and balancing power. Another discovery was that generating units’
start-up time is a limiting factor in the efficiency of ID markets. An interest-
ing finding was that, based on the case studies, increasing the share of wind
power increased the impact of both ID trading and demand response in bal-
ancing power prices.

Soder et al. (2020) studied European electricity generation capacity and wind
power. Finland was also a subject among these countries. They found that
Finland is reliant on imported electricity. Furthermore, the use of wind
power as a strategic reserve does not fulfill the requirements for that reserve,
nor would it be financially profitable to limit the use of wind power to that
reserve in Finland. Their conclusion about Finland is that wind power can
decrease the need for strategic reserves.

Spodniak et al. (2020) studied the impact of wind power and its effects,
among other variables, in short-term markets during 2015 — 2017 in Finland,
Denmark and Sweden. They found that there is a certain threshold of wind
power penetration, after which forecast errors affect the ID markets. They
also found out that at the start of their research period, in 2015, Finland’s
wind power capacity was not over that threshold, but in 2017 there was an
impact. Moreover, they found that demand was the main driver of the DA-ID
market spread in Finland. They also expect that ID and regulating power
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markets are becoming more relevant in the future with more trading volume
and price discovery.

Garnier and Madlener (2015) studied how to balance forecast errors in ID
markets. They created a model which would execute trades in the market as
efficiently as possible and thus noted the variables, which affect the ID mar-
ket’s price signals. They focused on both wind power and photovoltaics in
situations when the producer does not have the capacity to balance the fore-
cast errors in their own portfolio. They study German electricity markets and
create a model, which trades in that price zone. They define market liquidity
as the primary driver of ID trade costs. The second driver is the bidding strat-
egy of the market operator.

Hu et al. (2021) analyzed Swedish intraday markets, comparing the wind
power forecast errors with the price premium of ID markets during 2015 —
2018. They found that even though Swedish ID markets have a small trading
volume, the market is functional and is based on fundamentals such as pro-
duction and consumption forecast imbalances in all Swedish price areas.
Wind power forecast errors did not affect SE1 in northern Sweden, as wind
power penetration in that price area is low. They noted in their research that
balancing energy prices might decrease in the price area when there is a pos-
itive error in wind power production forecasts. However, they could not esti-
mate the impact which ID markets have in balancing prices.

Karanfil and Li (2017) examined the correlation between the changes in wind
power forecast errors and differences between ID and DA market prices in
Denmark. They also studied other variables, such as the amount of total
power generation and total power consumption forecast errors. One other
finding from their study was that the overall ID premium was non-existent
in the subject price areas. As an explanation for this, they presented that the
Nordics have lots of hydropower, which is rather cheap and quick to dispatch.
This hydro is used as balancing power, and thus, according to Karanfil and
Li, the interest to trade close to real-time is decreased. Using similar tech-
niques to analyze price zone in Finland and compare it to imbalance pricing
would provide important knowledge about the microstructure of Finnish
electricity markets and tell if there would be need to develop the balancing or
imbalance market scheme.
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3 Electricity markets in the Nordics

Electricity markets in the Nordics are operated by Nord Pool. Nord Pool also
operates in the Baltics, Central and West Europe, and the UK. Nord Pool op-
erates in physical electricity markets, day-ahead and intra-day (Nord Pool,
2022a). Most of the electricity is traded in the SPOT market. In 2021, a total
of 938 TWh of electricity was traded in Nord Pool DA markets. The total
amount of ID trading in the same year was 25,18 TWh. (Nord Pool, 2021)
Based on this data, 2,6 % of the total electricity is traded through ID markets.
Other markets include future markets, which are traded in Nasdaq Commod-
ities. The time horizon for future contracts is from weeks forward to years
forward. Futures are often used to mitigate risks of volatile electricity prices.
(Nasaq, 2022) Imbalances from production and consumption are handled
and invoiced by eSett (eSett, 2022a). The timeline of different markets is pre-
sented in Figure 1.

From 22.5.2023 onwards, the 15-minute imbalance settlement period is
about to go live. It will also mean that intraday product and imbalance settle-
ment will also be available in 15-minute intervals within Nordic price zones.
However, the imbalance market price will be determined hourly until Q2
2024, while the imbalance price and cross-border intraday trade will switch
to 15-minute periods. (Nordic Balancing Model, 2022)

D-1 D 1.5 months
- - .
[ . S M .
I - T Ll
< N Intrahour \Physical time
~Financial delivery
" market
» ket
; System Day ahead
price
/(Reference .
Markets ' price) » Intraday
as | FrtiTmTemnmmnnees :
per o » Balancing
time : market
of ,
trade e Imbalance
L settlement
Ttyp\::j of Financial Physical delivery Physical Financial
Cor:";a‘i’ies settlement Nord Pool AS delivery @ settlement
involved Nasdaq TSOs TSOs, eSett

Figure 1. Timeline of different electricity markets. (A. Khodadadi, 2020)

3.1 Nord Pool day-ahead Spot market
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Day-ahead markets of Nord Pool, or Spot market, focus on creating an equi-
librium between supply and demand. The cost of electricity is based on mar-
ket participants’, both producers’ and consumers’, volume bids and offers for
specific prices for certain hours. The products range from 60-minute delivery
to 30-minute and 15-minute depending on the area. With this information,
the price of the electricity can be calculated for each hour. The price for a
certain hour is the market-clearing price where the consumption bids and
production offer match and thus is the most expensive accepted offer in the
markets (Nord Pool, 2022b). An example of this price matching is presented
in Figure 2. The bids and offers are then also matched with other orders in
Europe. This price zone coupling is called Single Day-Ahead Coupling
(SDAC). The SDAC also takes the cross-border electricity flow constraints
into account (ENTSO-E, 2022a). Offers for Nord Pool Spot must be submit-
ted by 12.00 CET, and DA prices are published at 12.45 CET or later (Nord
Pool, 2022c¢).

Nord Pool: Fri 29 Jan 2016, hour 17

100

— — — — — —

\

Price EUR/MWh

]
I
|
|
|

50

0 20 40 60 80
Quantity, GW

Figure 2. Demand and supply curve example. (Vehvilainen, 2020)

3.2 Nord Pool intraday market

Nord Pool intraday, or balancing market, is a market where hourly, 30-mi-
nute or 15-minute electricity products are bought and sold every day of the
year. The length of the electricity product depends on the region, but at the
moment in Finland, only 60-minute products are in use. Intraday markets
function as limit order book double action markets (Nord Pool, 2022d). In
Finland, the ID market for the following day opens at 14 local time and is
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open down to 0 minutes before delivery (Nord Pool, 2022¢), but in practice,
there is not much trading activity when there is under 60 minutes before de-
livery as most connections between price zones close 60 minutes before de-
livery. Intraday markets can be used to balance forecast errors for renewable
energy production. As observed, usually, the most active period of trade in
ID markets is 1 — 3 hours before delivery. This is backed by (Amelin R. S.,
2016), who found that 50 % of European ID trades were done at a maximum
of 3 h 15 min, and 25 % of the trades were done at a maximum of 1 h 42 min
before delivery. Although this information is rather old, from 2015, and pen-
etration of intermittent renewables was not that substantial at the time.

Soysal et al. (2017) studied intraday markets in Nordic and Baltic countries
and the ID price asymmetries. They found that ID prices were almost always
higher than DA prices. This, according to the paper, would incentivize inter-
mittent renewable generators to sell less of their production in DA markets
and more in ID markets in order to maximize profits.

Much like SDAC, ID trading has Single Intraday Coupling (SIDC), which en-
ables trading across Europe. This increases liquidity and competition of ID
markets and thus makes it easier to balance the forecast errors of renewable
intermittent energy sources, such as wind power. (ENTSO-E, 2022b)

3.3 Day-ahead and intraday volumes

Volume of a marketplace is essential for its feasibility, especially in ID mar-
kets. Higher volumes are often an indicator of liquidity. High liquidity means
that items are traded often and more efficiently within a marketplace. With
liquid ID markets, forecast errors would be cheap and efficient to balance.

In this subsection, then volumes of DA and ID markets are examined. The
liquidity of DA markets cannot be measured, but its volume can be compared
with ID market volume to see if the share of ID trades has changed during
the time scope. The data for ID volumes are fetched from a service to which
UPM Energy has access to. The DA volumes are from Nord Pool’s Market
Data website (Nord Pool, 2022h). Both bought and sold volumes are calcu-
lated as total in the ID and DA volumes. The data is from 2020 onwards, as
the DA volume data for 2019 was not found on Nord Pool’s website.
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DA and ID volumes
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Figure 3. Volumes of DA and ID markets and percentage of ID volume com-
pared to DA volume.

As can be seen from Figure 3, the proportional ID volume has been rather
stable within 1,6 — 1,73 % during 2019 — 2021 H1. However, this is rather a
small timeframe to see the long-term trend changes. The ID trade volume in
2019 was 1,63 TWh, which is close to the volumes in 2020 — 2021 H1. Ac-
cording to Nord Pool annual report 2021, the volumes in Nordic/Baltic area
have been stable through 2019 — 2021, so it can be assumed that in FI market
zone, the volume has not changed dramatically either (Nord Pool, 2022i).

3.4 Balancing markets and imbalance settlement

Balancing markets are used in moments when the supply and demand do not
meet in the grid. These instances happen in abnormal or faulty situations but
also within normal operations. The TSO is responsible for grid balancing ac-
tion. Balancing in Nordics is held by auction. Reserve providers offer balanc-
ing energy capacity to TSO, which then accepts a suitable amount of balanc-
ing energy. Day-ahead and intraday production and consumption are sub-
mitted to the TSO at the latest at 45min before delivery. mFRR reserve is
mainly used as balancing energy. If producer’s balancing energy offer is ac-
cepted, the producer is obliged to dispatch up to the amount of accepted ca-
pacity. Balancing can also be done between price zones within certain limita-
tions. The price of balancing power is published 1 hour after dispatch during
normal grid operation. (ENTSO-E, 2021)

Balance responsible parties (BRP) often have some imbalance in their pro-
duction or consumption, even in normal operation and with robust balancing
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effort. This is then compensated with the balancing electricity mentioned
earlier. eSett is the provider of imbalance settlement services in Nordics. Im-
balance settlement is invoiced weekly and consists of hourly imbalance vol-
umes multiplied by hourly balancing costs and volume price. (eSett, 2022b)

3.5 Wind power’s position in markets

The nature of wind power is intermittent and forecast-based. In addition to
that, its marginal cost is virtually zero as its fuel, i.e., wind, is cost-free. Thus,
wind power’s role in electricity markets is to function as a price-setting source
as wind power is produced at any positive market price and shifts the supply
curve towards cheaper production. Sometimes wind power is produced even
at negative prices as wind power is still subsidized in Finland, which is ex-
plained more in Section 4.1. This intermittency and low costs bring volatility
to the system balance and system price.

There are multiple ways TSOs operate markets when it comes to wind power
integration. Different systems are used in Danish, German and Iberian power
markets. Denmark is using the same system as Finland when it comes to DA
and ID markets. This system is researched in this thesis.

Germany’s ID markets and balancing energy have been functioning in a 15-
minute resolution since 2014. This has created a phenomenon called “Ger-
man paradox”. It is called “paradox” because opposed to the common way of
thinking that the increase of wind and solar power would require the increase
of balancing energy sources, but in Germany, the increase for balancing
power has not risen. When implementing 15-minute markets and balance,
production and consumption can be fitted better into the overall system. This
better fit is presented in Figure 4. (Ehrhart, 2017). The amount of absolute
error in supply in 15-minute system is much smaller than in 60-minute sys-
tem. I reckon that when Finland’s balance and ID markets turn into a 15-
minute system, the need for balancing power decreases, and so does the bal-
ancing price. The bigger resolution of balancing means that balancing re-
sources are better optimized and not as much balancing power production is
needed.
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Figure 4. 15-minute balancing settlement period compared to 60-minute bal-
ancing settlement (Ehrhart, 2017). The dashed curve represents the actual
energy supply and blue and red depict the fit of different contract periods to
the actual supply.

In Spain, the ID markets are organized as multiple auctions with six gate clo-
sure times. The length of each ID auction period is varying and there are mul-
tiple gate-closing times for ID offers. This market creates a bigger trading
volume in the ID market in comparison to other European ID markets. Fur-
thermore, this market design favors the balancing needs which renewable
energy sources create (Fernandes, 2015). So to speak, the Iberian ID market
is functioning as multiple Nordic DA markets within one day. The multiple
gates for ID offers allow the offers to cumulate before gate closure and thus
create a more stable ID price.

For 100 % renewable power system, the times between market gate closing
and actual delivery should be shorter in order to increase the accuary of in-
termittent renewable generation forecasts and the length of traded product
should be shorter. (TradeRES, 2020) For example 1 — 4 hours before delivery
could be suitable gate closure for more accurate wind power production. In
countries with high wind power penetration the balancing cost of wind power
is on average higher compared to countries with less wind power production.
(The European Wind Energy Association, 2015) The earlier market gate clo-
sure pushes unavoidable forecast errors for wind power producers and
causes balancing and imbalance costs.
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4 Wind power position in Finland

Finland had 3257 MW of installed wind power capacity at the end of 2021.
This amount is rising rapidly as 784 MW of new capacity was constructed in
the first half of 2022, with 1044 MW more planned for the second half. For
the year 2023, 1492 MW more capacity has been planned. This would roughly
double the amount of constructed wind power in Finland in just two years.
In Figure 5, the production and capacity are presented. The year 2022 is split
into the first half (presented as 2022 H1), from which production data can be
extracted, and to 2022 total (presented as 2022).

Wind power capacity and production
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Figure 5. Amount of wind power produced yearly and end-of-year capacity.
Future years are based on permitted wind power plants. Yearly production
source (Fingrid, 2022b). Capacity source (Tuulivoimayhdistys, 2022a).

4.1 Subsidies

The wind power feed-in tariffs were introduced in Finland in spring 2011 with
The Act on Production Subsidies for Electricity Produced from Renewable
Energy Sources (Finlex, 2010). This act was introduced to increase the devel-
opment of wind power by making it more profitable. Another reason was that
the act would make Finland more energy self-sufficient and diversify produc-
tion. The tariff would be paid for 12 years (National Audit Office of Finland,
2017). The reference price for wind power is 83,5 €/ MWh. The feed-in tariff
is the reference price unless the average electricity price of the quarter is 30
€/MWh or lower, which leads to the tariff being 53,5 €/ MWh. (Finlex, 2010).
The feed-in-tariff scheme for new wind power closed on 1.11.2017 (Nord Pool,
2022a).
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In 2018, the Finnish Energy Authority arranged a bidding competition for all
renewable energy sources. The goal of the bidding competition was to com-
pete which parties could produce renewable electricity with the smallest sub-
sidized premium. The amount of electricity production allocated to this com-
petition was 1,4 TWh in a year. The premium will be paid for 12 years for the
accepted projects and the new product must be up and running within 3 years
of the acceptance. The average price premium for the accepted offers was 2,5
€/MWh, with the reference price being 30 €/ MWh. Also, every application
was a wind power project, and their yearly production is 1,36 TWh. (Finnish
energy authroity, 2022b)

The total amount of wind power plants still within the feed-in tariff created
in 2011 has a capacity of 2310 MW (Finnish Energy Authority, 2022c¢). This
is roughly 57 % of the total capacity of Finland at the end of 2022 H1. Accord-
ing to Husu and Salo (2022), the feed-in tariff benefitted the wind power in-
dustry as they were able to enter a rather change-resistant field, which is
mainly controlled by a few big corporations. They also state that wind power
is already profitable and feed-in tariffs are not needed anymore in the future.

4.2 Wind power locations

The vast majority of wind power plants and parks in Finland are constructed
on the west coast. The wind power projects are depicted in Figure 6. The uni-
form location for wind power plants may bring problems as the cannibaliza-
tion effect, in which new wind power capacity decreases the profitability of
wind power. This happens because there are more wind turbines producing
electricity and thus the electricity prices may plummet when wind speeds are
high. Having the wind turbines in the same general location means that the
weather conditions for the big part of wind power are the same, and thus po-
tential for cannibalization is high.

4.3 Slow development of Finnish wind power

Despite the wind power feed-in tariff, the Finnish wind power projects got
some setbacks. The problems were within permits and issues regarding the
environment and radar interference of the Finnish Defence Forces. (National
Audit Office of Finland, 2017) Permitting is held as the biggest challenge of
the European wind phase in. Rules for permits are too complex, too many
administrators make the procedures for new permits too slow, and authori-
ties do not have enough staff to process new permits. (European Wind
Energy Association, 2020) Furthermore, according to Finnish Wind Power
Association the guidelines for wind power noise pollution are stricter than in
other societal functions, for example heat power plants or highways. This too
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limits the availability of area for wind power and makes the permitting pro-
cess slower. Although it should be taken into consideration that European
Wind Energy Association and Finnish Wind Power Association are both for
new wind power and have biased opinions. (Finnish Wind Power
Association, 2022) Though, an attorney team Bergmann shares this view that
permitting has been problematic in Finnish wind power development. One
of the biggest problems has been the fact that there has not been, and is not,
a centralized way to apply for permits, but developers will apply for multiple
separate permits, which have multiple different variables, which may slow
the permitting process. (Bergmann, 2018) The average time in which an av-
erage-size wind power project is completed from start to finish is 4-6 years
(Bergmann, 2022). Finnish Defence Forces has, for example, in 2022 re-
jected more wind power projects than they had accepted. Any project over
the height of 50 meters has to be approved by Defence Forces. According to
Jussi Karhila from Finnish Defence Forces, “We’re running out of good wind
power plant locations.” (YLE, 2022)

Murmansk Murman:

) O ©
o ©
Sankt-Peterburg %
Tallinna Q © Helsinki
Tukholma

Sankt-Peterburg

Figure 6. On the left are wind power projects, which are in production. On the
right, the yellow bubbles depict wind power projects, which are under con-
struction and the blue bubbles mean projects, which are fully permitted.

(Tuulivoimayhdistys, 2022b)
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4.4 The cost of wind power

Wind power, as all other means of electricity production, has a cost, which
must cover the investment and running costs of the generation. Wind power
is capital intensive generation method as its marginal costs are negligible as
it does not need any consumable fuel and its main resource, wind, is renew-
able. Thus, the main cost of wind power is the investment cost, which is either
defined as the interest rate of loan, potential profit from other investments
or a combination of these two. International Renewable Energy Agency has
released a report which presents the costs of renewable power generation in
2021 (IRENA, 2022). The average levelized cost of electricity (LCOE) of wind
power in Europe was 0,042 USD/kWh, which in 2021 average EUR/USD ex-
change rate (EUR = 1,183 USD) is roughly 36 €/MWh. Furthermore, Finland
and Sweden had one of the most competitive LCOE in Europe, but the exact
cost was not specified.

With increasing the amount of wind power in the grid, LCOE could become
an irrelevant meter for the cost of wind power. Instead, value-added LCOE
(VALCOE), takes the cannibalization effect of wind power into account. Can-
nibalization, by definition, means that production of a new product, electric-
ity in this case, removes the value of earlier production and displaces older
product. This can be seen as a price drop in electricity prices when the wind
power production forecast is high. The gained value of wind power is getting
ever so lower as new production is dispatched. This is the case either because
wind as a weather event is not regional, but more global or because wind
power production is often concentrated in one area. In Finland’s case, the
concentration is on the west coast. The capture rate of wind power is calcu-
lated in the next Subsection 4.5.

4.5 Capture rate of wind power

Calculating the capture rate of wind power is crucial for new wind power in-
vestments as it determines the future value of the wind power project. The
capture rate defines the captured value of the production asset. For example,
a wind power plant with a capture rate of 0,95 the asset generates 95 % of the
average electricity price.

The capture rate is calculated with daily values. The average daily price and
daily average wind power production are compared with actual hourly Spot
prices and day-ahead forecasts. DA forecasts are used because the Spot price
is determined with day-ahead forecasts. Then, the wind power production
weighted profits are divided by the daily profits of a flat production rate and
the result is the capture rate. The inspection period of the capture rate is from
the start of 2021 to the end of 2022 Hi.
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Figure 7. Capture rate of wind power from 1/2021 to 6/2022 in Finnish price
zone.

The capture rate of wind power is decreasing, and it can be seen in Figure 7.
This is due to the increasing amount of wind power. All of the year 2021 the
capture rate is well over 0,95, but during 2022 it decreases dramatically. One
explanation for this could be the high electricity prices of H1 2022, which can
be seen in Table 1. If wind power has the potential to cut off expensive fossil-
sourced electricity completely, then the overall cannibalization is greater and
thus capture rate lower than during lower average prices.
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5 Research methods and data

5.1 Research methods

The primary research method was done by comparing the difference in DA
price with the volume-weighted average price of the last two trade hours, T-
2 / T-0, in the ID market with the difference of wind forecast day-ahead and
hour-ahead of delivery. I chose to examine the last two hours of the ID mar-
ket, as it depicts best the latest information the market has at that moment.
Volume-based average depicts the market valuation of electricity better than
the average price of the trades, as potentially smaller panic-purchases or sells
do not get that big of an impact. The hypothesis is that most, or sufficiently,
of the ID trading is done during those hours. The reason why only the last
trading hour is not observed is that in Finnish ID markets, the trade volume
decreases significantly during the last hour, as trading with other price areas
is open until delivery hour T-1. These market timestamps are comparable
with wind forecast timestamps as wind power DA offers are made with the
DA wind forecast information and if BRP operates in ID markets, the latest
trades are made with the hour before forecast. It is assumed that the wind
power forecast from Fingrid is similar to the forecasts the trading parties use.

The ID trades within and between OPX and FI are examined in this research.
OPX means other power exchanges and was chosen to be within the study as
a significant portion of ID trades have OPX as the other trading party with
the Finnish ID trades. Trades between other price zones are neglected. This
was chosen as price drivers in neighboring price zones are affected by differ-
ent variables compared to Finnish price zones. Even though there are simi-
larities, such as if there is a windy day in Finland, it is probably windy in
Sweden, these were chosen to exclude due to pinpoint the research on Finn-
ish prices. The true location of OPX operators cannot be confirmed, but as
OPX trades had such a significant portion of all trades, so it is included.

There are also filters in the analyzing code, which can filter either the hours
with at least a certain amount of wind power percentage in the system or the
hours when another consumption error is under a certain threshold. These
filters were chosen because, with those, other variables in the research
method can be neglected. The hypothesis is that if there is only a miniscule
amount of wind power in the grid, even bigger relative wind power forecast
errors will not change the price, as the absolute forecast error is small. More-
over, other DA-ID consumption forecast errors can also affect the market
price, if the parties responsible for the error function actively within ID mar-
kets or do not have other means of production or consumption to balance the
error themselves. Spodniak et al. (2020) found out that in Finland, the
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spread between the DA and ID prices was mostly demand-driven, and thus
consumption forecast errors must be considered when handling the data.

5.2 Data and sources

The Spot data were acquired from different sources to which UPM Energy
has access. The intraday data was downloaded from Nord Pool’s SFTP server
to which UPM Energy has access as well (Nord Pool, 2022g).

Wind power production and total consumption forecast data was down-
loaded from Fingrid Open Data which is free to use (Fingrid). It is possible,
especially in wind power forecasts, that commercial forecast services are
more accurate than Fingrid’s forecast. Fingrid Open Data is used due to the
availability and ease of access.

5.3 Price anomalies in Europe in recent years

The price of electricity has had huge volatility from 2020 to 2022. Table 1
presents the yearly average Finnish Spot price of electricity from 2018 to the
first half of 2022. This price volatility and anomalies can have an effect on
the results of the analysis and must be taken into consideration. If the price
of electricity changes dramatically during or between the examination peri-
ods, the results may be unreliable, or the results cannot be compared with
each other. The events in this subsection consider the whole of Europe, but
their effects can be seen in Finnish electricity markets.

Covid-19 pandemic from 2020 onwards had an effect on the price of electric-
ity, especially during 2020 when it was substantially less than in other years.
The low demand decreased the market price, and at times, it could be sup-
plied only with renewable energy. Renewables have more often lower mar-
ginal costs than fossil sources. Furthermore, during this year the price of en-
ergy commodities, such as oil and gas dropped (European Central Bank,
2022). These commodity price drops probably contributed further to the low
electricity prices.

Table 1. Average electricity Spot prices in Finland (Nord Pool, 2022f)

Year Spot price average (€/MWh)
2022 Hi1 104,72

2021 72,34

2020 28,08

2019 44,04

2018 46,80
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In 2021 the demand for electricity rebounded back and thus the gas con-
sumption for peak electricity loads rose as well. The rising costs of emissions
in the EU Emission Trading Scheme had also, even though a smaller, effect.
(European Central Bank, 2022)

During 2022, according to European Central Bank (2022), the Russian inva-
sion of Ukraine raised gas prices. This was due to the decreasing amount of
Russian gas availability in Europe which drove the global gas price up and
the electricity thus price followed. The initial price volatility was due to al-
ready low storage levels. Also, the import of electricity has been cut off with
Russia. Furthermore, according to International Energy Agency (IEA, 2022)
the rising coal and carbon emission prices contributed further to the price of
electricity. France’s nuclear power plants have also been in low availability,
and this has also contributed to electricity scarcity in Europe. Moreover, the
drought in Europe during summer 2022 has impacted the availability of hy-
dro power and left hydro reservoirs rather low, which in turn affected and
will affect the electricity prices. (Baltic Sea System Development Steering
Committee, 2022)
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6 Wind power error results

This section presents the results and correlation between the data and dis-
cusses the possible deviations between them. The data is compared year to
year and filters are used to examine and pinpoint data. The results are de-
picted as scatter diagrams. Each point in the scatter depicts one hour. The
price spread of the compared markets is on the y-axis. The price spread is
calculated as the difference between the ID price or the imbalance price com-
pared with the DA price. The wind power forecast error is on the x-axis. Pos-
itive values in the x-axis means that the ID wind power forecast is higher than
the DA forecast and vice versa. The correlation coefficient is the slope of the
trendline of the scatter plot and depicts the difference of price as wind power
amount increases compared to the DA forecast. Trendline is the red dashed
line and the x- and y-axis are highlighted with bold lines. It is expected that
the correlation coefficient is negative, as it would present that as the wind
power forecast, and thus the supply, increased close to the delivery hour, the
price in ID markets would decrease compared to the DA price. For example,
a correlation coefficient of -0,1 would mean that when the hour before the
delivery forecast is 100 MWh more than the DA forecast, the price in ID mar-
kets would be 10 €/MWHh less. The axis has different zoom levels depending
on the biggest values in each data. For example in Figure 8 the y-axis goes
above 1500 whereas Figure 9 has the maximum y-value of around 600. The
filtered figures have fewer datapoints than unfiltered datapoints as the filters
remove datapoints outside the filter.

The graphs presented in this section are two interesting or differing graphs
out of the same filtering. The rest of the graphs are presented in Appendix A.

6.1 ID — DA correlation

Comparing the ID and DA market prices explains if the ID markets are effi-
ciently used as the balancing market for wind power forecast errors. Com-
paring different years with each other helps to explain what amount of wind
power capacity can create a significant amount of price correlation.

6.1.1 No filter

Without any filters, the data includes variables from consumption errors,
which affect the results of the dataset. It can be said from the non-filtered
data that there is little correlation between wind power in total ID markets
when excluding the year 2019. It can also be said that overall ID markets has
a positive price premium as the trendline crosses the y-axis above the x-axis
except for 2019.
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In this subsection, 2022 H1 and 2019 graphs are presented. The other graphs
can be seen in Appendix A 1.
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Figure 8. ID - Spot difference, 2022 H1, no filter
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Figure 9. ID - Spot difference, 2019, no filter
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Table 2. ID correlation coefficients from no filter graphs

Year Correlation coefficient
2022 Hi - 0,01445
2021 - 0,02102
2020 - 0,02081
2019 0,01212
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As can be seen from Table 2, the year 2019 seems to be an outlier when it
comes to the correlation coefficient of ID — DA prices and wind power fore-
cast errors. From Figure 5 can be seen that the wind power capacity and pro-
duction were 2284 MW and 5,68 TWh, respectively, whereas, in 2020, the
same figures were 2586 MW and 7,23 TWh, respectively, which can be seen
in Figure 5. The overall wind power capacity did not change that significantly,
but the production amount did. One explanation for this could be that the
year 2019 was not that windy overall. Furthermore, the new wind turbines
installed in 2020 could have higher capacity factor, so the impact of wind
power in ID markets in 2020 was much bigger.

Comparing Figure 8 and Figure 9 it can be seen that in 2022 H1 the price
spreads overall were much bigger than in 2019. Also, the wind power forecast
errors are bigger in 2022 H1 as expected as the overall wind power capacity
has increased. The price premium in 2019 seems to be negative because the
trendline cuts the y-axis with a x-value of under zero. In 2022 Hz1 the price
premium is positive.

A possible explanation for this rather rapid change could be due to the first
wave of Covid. The overall demand for electricity decreased and wind power
had proportionally larger share of electricity production and thus had larger
impact in ID markets. Furthermore, participation in ID markets could have
increased during 2020 as lower DA prices may drive market participants into
ID markets (Rintamaki et al., 2020). On the other hand, the year 2019 could
be an outlier from earlier data too. To contradict with Rintamaki from Figure
3 can be seen that proportionally the volumes in ID trading have not in-
creased between 2019 — 2022 H1. The markets could have shifted towards
wind power fundamentals without any increased ID volume.

The values for 2020 and 2021 are rather similar and 2022 H1 seems to have
a slight decrease in correlation. The reason for 2022 H1 decrease could be the
surprising events in Europe and energy prices have seen dramatic volatility
and thus the overall impact of wind power forecast errors had a decreased
impact.

6.1.2 Consumption forecast error filter

The filter used in consumption errors removes the days in which other elec-
tricity consumption errors are more than 300 MWh / h. This way, the analy-
sis can be pinpointed to those hours when wind power could be the biggest
factor for ID — DA price deviations, as Karanfil and Li (2017) suggested that
consumption forecast errors were a bigger driver in ID prices than wind
power forecast errors. This filter shall be called as ConEr filter.
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Graphs presented in this subsection are from the years 2021 and 2020. The
rest of the graphs can be seen in Appendix A2.
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Table 3. ID correlation coefficients from ConEr filter graphs

Year Correlation coefficient
2022 Hi - 0,15415

2021 - 0,12901

2020 - 0,03985

2019 - 0,01945
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From Table 3 can be seen that correlation of wind power increased drastically
between the year 2020 and 2021 when consumption errors were filtered out
of the data. Even though the actual production of wind increased only mod-
erately between 2020 and 2021, the capacity built was significant, which can
be seen in Figure 5. Perhaps the year 2021 was not that windy, but there could
have been periods of high error count, which in turn increased the overall
correlation. From Figure 10 and Figure 11 it can be observed that the error
values go higher in absolute value in 2021, which supports the theory men-
tioned. Furthermore, in 2021 the price premium is significantly higher with
ConEr filter than in 2020

The impact of wind power forecast errors in ID prices can be seen with ConEr
filter. When comparing the results between no filter, the ConEr filtered re-
sults show a clear negative correlation coefficient. This is expected as the
more wind power is in the system, the less the price will be. Also, perhaps the
biggest variable, consumption errors, are minimized with this filter enhanc-
ing the results. Moreover, the year 2019 has a small negative correlation with
the ConFr filter, which it did not have when no filter was in use. For the years
2020 and 2021, one other explanation for this dramatic correlation differ-
ence could be the overall price increase, which can be seen in Table 1. Higher
prices make the absolute value of correlation coefficient larger because the
values the y-axis gets are also higher.

6.1.3 Total wind power production threshold filter

When creating a threshold filter, it must be studied what threshold is viable
for research. In this filter, the amount of wind power proportional to total
production is studied. Different thresholds were studied with 2022 model to
determine the most suitable threshold. The tried options were 10 %, 20 %
and 30 % and their results were —0,03365, -0,03686 and -0,00531, respec-
tively. The chosen wind power threshold was 20 % as it gave the most corre-
lation with wind power forecast errors in 2022 Hi1. The 10 % and 30 % wind
threshold graphs can be seen in Appendix A3.

In this subsection graphs from the year 2021 and 2020 are presented. Other
graphs can be seen in Appendix A4.
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Figure 12. ID — Spot difference, 2021, threshold filter
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Figure 13. ID — Spot difference, 2020, threshold filter

Table 4. ID correlation coefficients from threshold filter graphs
Year Correlation coefficient
2022 H1 - 0,03686
2021 - 0,05487
2020 0,01180
2019 - 0,02415
According to the results, the threshold filter is not an efficient filter to pin-

point the wind power forecast differences in ID markets, which can be seen
from Table 4. In fact, the correlation coefficient is positive in 2020. From
Figure 12 and Figure 13 it can be seen that the scatter is widely spread. The
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threshold filter does not give as significant correlation coefficients com-
pared to ConEr filter. From the dispersed scatter can be derived that price
differences occur, when there is a lot of wind power in the grid. Another
note is that all figures with threshold filters have a price premium.

6.2 Imbalance — Spot correlation

Comparing ID prices to imbalance prices can give a sign as to how much wind
power is traded in ID markets and, or, how inefficient it is to predict wind
power production even one hour ahead of delivery as unpredicted wind
power production will be settled in the imbalance settlement.

6.2.1 Nofilter

With no filters, the overall system imbalance price can be examined. 2022 H1
and 2019 are shown in Figure 14 and Figure 15, respectively. Other figures
can be found in Appendix As. Figure 14 apparently has some high balancing
price spread compared to Spot price. This data point can be located from Fin-
grid Open Data, imbalance prices for 2022 Hi. The imbalance price in
4.2.2022 at 07 — 08 was 3500 €/ MWh and this explains the zoom level of the
figure as the graph includes all the data points. The wind power forecast error
between day-ahead, from Fingrid Open Data respectively, for that particular
hour was 341 MWh/h lower than hour-ahead forecast.
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Figure 14. DA — imbalance price difference, 2022 H1, no filter
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Imbalance and Spot price difference compared to wind power forecast error
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Figure 15. DA — imbalance price difference, 2019, no filter

Table 5. Imbalance price correlation coefficients from no filter graphs

Year Correlation coefficient
2022 Hi1 - 0,09530
2021 - 0,05543
2020 0,00100
2019 - 0,00348

It can be seen from Table 5, that correlation between imbalance price and
wind forecast error has been increasing during the examination period. Fig-
ure 14 and Figure 15 show that the price premium of imbalance is close to
zero as the trendline crosses y-axis roughly at zero. The correlation coeffi-
cient of 2019 is so small that it could be said that the wind power forecast
errors were not a factor when it comes to the imbalance prices.

The graph of 2020, and its result, seems to be an outlier, which does not fit
the rest of the data as the graph shows that there would not be any imbalance
prices, which would be higher than the Spot price. The graph can be found in
Appendix As. This data is disregarded.

The correlation coefficient grows to 2022 Hz1 to be significant. This could be
the result of ever-increasing shares of wind power in the Finnish electricity
system. It could be a possibility that wind power producers have too much
forecast error in their balance, and the ID markets cannot efficiently balance
this forecast error, and other means of balancing production in their portfolio
cannot match the forecast error either.
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6.2.2 Consumption forecast error filter

As ConEr filter proved to be an efficient way to isolate the wind power’s effect
in ID-Spot difference, it could produce relevant information for the imbal-
ance data as well.

Figure 16 and Figure 17 represent the data from 2022 H1 and 2021 respec-
tively. Data from the years 2020 and 2019 can be found in Appendix A6.
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Figure 16. DA — imbalance price difference, 2022 H1, ConEr filter
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Table 6. Imbalance price correlation coefficients from ConEr graphs

Year Correlation coefficient
2022 Hi - 0,04453

2021 - 0,25324

2020 0,00255

2019 0,01641

The first thing which can be noticed from Table 6 is the correlation coefficient
in the year 2021, which is — 0,25324. This is the biggest correlation coefficient
so far from the data. There might be multiple reasons for this, which are dis-
cussed and compared with ID markets later in the thesis.

The overall spread of datapoints in Figure 16 is much wider than in Figure 17
as in 2021 data, the common spread seems to end in y-axis at 100 €/ MWh
whereas in 2022 H1 there are multiple datapoints at 200 €/MWh. Though
the wind forecast error amounts seem to be close to each other.

Again, the graph from the year 2020 seems to have no positive values in the
y-axis. The graph can be seen in Appendix A6. I will disregard its data.

6.2.3 Total wind power production threshold filter
In this subsection, the same filter 20 % threshold filter is used as in subsec-
tion 6.1.3. Figure 18 and Figure 19 represent the data from 2022 H1 and 2021

respectively. Data from the years 2020 and 2019 can be found in Appendix
A6.
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| Correlation coefficient: -0.07097550344217156
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Figure 18. DA — imbalance price difference, 2022 H1, threshold filter
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Imbalance and Spot price difference compared to wind power forecast error
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Figure 19. DA — imbalance price difference, 2020, threshold filter

Table 7. Imbalance price correlation coefficients from threshold filter graphs

Year Correlation coefficient
2022 H1 - 0,07098

2021 - 0,02784

2020 0,00075

2019 - 0,0096

Compared to previous results, this filter still gives no positive values to 2020
graph, so it cannot be analyzed either, as other 2020 imbalance prices. The
graph of 2020 imbalance difference can be seen in Figure 19.

As can be seen in Figure 18 and the figures in Appendix A7, there is no price
premium in any of the graphs when applying the threshold filter. It can be
visually observed from Figure 19 that the data points are biased to the right
signaling that there were significantly more hours in 2020 when closer to the
delivery hour, and the forecast was higher than expected in the day ahead
forecast when threshold filter is applied.

Table 7 presents the correlation coefficients of threshold filtered graphs. Year
2019 seems to have no significant correlation, but the amount of scatter
points is miniscule signaling that wind power was not a significant portion of
the total electricity mix. Disregarding the data anomaly of year 2020, the cor-
relation has increased from 2019 to 2022 Hi.

6.3 Total volume weighted average ID price
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To study how much the total ID volume follows the price signals compared
to the last 2 hours, a similar kind of analysis is made, but with the total vol-
ume weighted average prices (VWAP). With this analysis, it can be seen if
majority of the ID markets are done 2 hours before delivery or earlier. Cor-
relation coefficients similar to the results of Subsection 6.1 would signal that
most of the ID trading is done during late hours. Significantly smaller corre-
lation coefficients would tell that the ID trading is spread out from earlier to
later hours and forecasts and price signals for the delivery hour are not that
clear.

The periods analyzed were 2021 and 2022 H1 and only the ID—DA spread
was compared by the function of wind power forecast error. In upper-left cor-
ner of the figure is the function of the trendline. The first variable term tells
the correlation coefficient of the trendline, and the latter constant term tells
the price premium.

2022 H1 ID - DA, no filter
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Figure 20. 2022 H1 total average ID — DA price difference, no filter
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2021 ID - DA, no filter
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Figure 21. 2021 total average ID — DA price difference, no filter
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Figure 22. 2022 H1 total average ID — DA price difference, ConEr filter
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2021 ID - DA, ConEr
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Figure 23. 2021 total average ID — DA price difference, ConEr filter

As can be seen from Figure 20 - Figure 23 there is more correlation in the
2022 Hz1 than in the year 2021. This tells that the ID markets overall have
become more dependent on wind power as the share of wind power in the
Finnish electricity system increases. In Table 8, the correlation coefficients
of last 2 hours averages and total volume weighted averages can be seen.
Comparison between total no filter and ConFEr filtered graphs of total ID
trades tells that in 2022 H1 there were no practical differences between fil-
tered and non-filtered results. In 2021, the difference was significant as the
correlation increased from — 0,0156 to — 0,026 with non-filtered and filtered
data, respectively. However, the correlation coefficient was overall higher in
filtered and unfiltered VWAP data.

Table 8. Comparison of last hours ID trades and total volume weighted aver-
age prices correlation coefficients.

Last 2 ID hours | Total volume weighted average
2022 H1 no filter - 0,01445 -0,0343
2022 H1 ConFr filter - 0,15414 - 0,034
2021 no filter - 0,02102 - 0,0156
2021 ConFr filter - 0,12900 - 0,026

This analysis suggests that overall electricity is traded quite a lot in the early
hours. When compared to the results from Subsection 6.1, the correlation co-
efficients from total WVAP data are often smaller, especially when applying
the ConFr filter. From Table 8 it can be seen that the correlation between
wind power forecast errors and ID — Spot price spreads were mostly signifi-
cantly higher within the last 2 hours compared to total ID trades. The only
exception here is the 2022 H1 no filter, where the total volume weighted da-
taset correlates more than the last 2 hours. This seems quite counterintuitive
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as it could be thought that at the later stage of ID trading when the wind
power error is better known, the correlations would be increased.

6.4 Analysis

As in 2021 and 2022 H1, the wind power capacity has been significantly big-
ger than in previous years, comparison of DA — ID and DA — imbalance price
spread with ConEr filter is the best way to look their differences.

Table 9. Comparison of DA - ID and DA - imbalance correlation coefficients
from 2019 to 2022 H1 ConEr filters and corresponding wind power capacity
at the end of the year.

DA — ID correlation | DA — imbalance correlation | End of period
coefficient coefficient wind power
capacity
2022 H1 - 0,15415 - 0,04453 4037
2021 - 0,12901 - 0,25324 3257
2020 - 0,03985 0,00255 2586
2019 - 0,01945 0,01641 2284

From Table 9, it can be seen that the correlation coefficient values in DA —
ID column are much more uniform compared to DA — imbalance column.
The DA-ID are also rising along with the new wind power capacity with some
threshold capacity amount and slowing when a certain amount of wind
power capacity has been reached. It seems to be like the minimum amount
of wind power capacity to affect ID market prices could be somewhere
around 2000 MW and the rise seems to get slower after 3500 — 4000 MW.
There is a huge jump in the correlation between the years 2020 and 2021
when wind power capacity rises from 2586 MW to 3257 MW. It seems like
somewhere between those capacities may be the area of the biggest change.

If we look at the ID market’s pricing for wind power, it looks like the valuation
for wind power in that market was around 0,15 €/MWh. For every megawatt
increase in wind power forecasts, the ID price decreases 0,15 €. This is far
less than the LCOE of wind power, which is roughly 38 €/ MWh (IRENA,
2022). This tells more about the market valuation of wind power energy ra-
ther than the LCOE of wind power.

Another interesting finding about Table 9 is the year 2021, when wind power
capacity grew almost by 700 MW in a year compared to the earlier year when
new wind power capacity was built roughly 300 MW. This was a significant
sudden increase in new wind power capacity, and it looks like the market
players were not ready to balance this sudden new wind power as while the
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DA — ID correlation grew significantly, the DA — imbalance correlation coef-
ficient had even more dramatic change, nearly double of the ID correlation.
This DA — imbalance correlation reduced the next year, but the DA — ID cor-
relation grew even more. This seems like that the wind power market partic-
ipants had been getting involved more into ID markets, which the increased
correlation in ID markets shows, but maybe to better forecasts, as the sum of
2022 H1 correlation coefficients is nowhere near the sum of 2021 figures.

Karanfil and Li (2017) mentioned the availability of cheap hydropower to bal-
ance production in the Nordics errors lowers the imbalance pricing. It could
have been that hydropower producers were not ready for the increased ef-
fects of increased wind power capacity and thus more errors and balancing
needs. Along with other market participants, when they saw increased de-
mand for balancing power in 2021, they could have increased their partition
in balancing power markets in 2022. The DA — imbalance price spread could
have thus decreased. The increase in balancing power need, according to
market dynamics, also increases the potential profits and thus could have
driven more capacity into the market decreasing the DA — imbalance spread
from 2021 to 2022 H1 as a counter-reaction.

Also, as the consumption side operators play a rather big role in Finnish elec-
tricity markets, they could have also been more active in short-term balanc-
ing and have either entered ID markets as counterparty balance to wind
power or in balancing markets utilizing demand response in 2022 Hi.
Though, these claims need further research from the consumption side.

As the biggest correlations could be seen when applying the consumption
forecast error filter, it could be derived that consumption errors may cause a
bigger impact in ID trading than wind power forecast errors. Imagine a case
when there is lots of wind power in DA offers, for example, 2000 MWh. If we
would lose 500 MWh of that due to forecast error, there would still be, in
regular case, enough other production to cover that wind power deficit. If
there would initially be a low wind situation and there would be a rather big
consumption error, which would lead to a system power deficit, that could
lead to the ramp-up of more expensive means of production. Or in an oppo-
site error, the more expensive sources of electricity could be switched off de-
creasing the overall production costs. The effects of wind power forecast er-
rors may have a different amount of price effect depending on the overall
system state and means of production. If we look at Figure 2, there seem to
be different levels on the DA supply curve. If the price balance is at the middle
of the curve, at a rather flat price spot, a forecast error might not result in a
large price difference. If, on the other hand, at the right side of the curve, in
a situation when lots of expensive production is in use, the increase of wind
power may have a great effect in the price as the more expensive means of
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electricity generation may be shut off and their DA position can be bought off
with a lower price.
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7 1D balancing cost and volume analysis

Examining the microstructure of ID markets helps to identify the market par-
ticipants, structure and drivers of price or volume. As this thesis is focused
on wind power, the balancing costs of wind power forecast errors are calcu-
lated for the whole Finnish grid.

The wind power and imbalance price data for this section is fetched from
Fingrid Open Data (Fingrid). DA and ID prices from a source that the UPM
Energy has access to. This section analyses the time period of 2021 — 2022
Hz1 as one dataset.

7.1 Balancing costs

In order to examine if trading wind power forecast errors even is efficient, I
compare the costs of ID trading with total imbalance settlement. As the vol-
umes in ID markets go to nearly zero during the last hour before delivery, in
the ID trading scenario, I calculate the cost or profits in two segments. The
ID position is traded from the DA forecast till one hour before delivery. The
rest of the forecast is regarded as an imbalance. In the total imbalance sce-
nario, I compare the DA forecast with the actual produced electricity as an
imbalance. This scenario is depicted in Figure 24. The ID prices used in this
scenario are the VWAP. The data used is from 2021 — 2022 H1 and it is ana-
lyzed as one dataset. The volume fees are included in the total costs. The im-
balance volume fee is 1,5 €/ MWh (eSett, 2022b). The ID volume fee is also
taken into account, but its amount cannot be disclosed.

Imbalance settlement

Day ahead ID Hour ahead Imbalance Actual
forecast trading 4 forecast settlement production

o ID-traded
balance

« Spot offer

Figure 24. Representation of ID traded wind power position and total imbal-
ance forecast error scenario.

7.1.1 Forecast errors
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In order to compare the costs of total imbalance settlement and ID traded
error with imbalance settlement, the absolute forecast errors of each time pe-
riod must be defined. This will give an insight into the scale of forecast errors
and the differences in accuracy between different forecast horizons.

Table 10. Actual wind power production with DA forecast error and hour
ahead forecast error amount

MWh
Actual production 13 468 297
DA forecast absolute error 2 425 307
Hour-ahead forecast absolute error 1554 704
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Figure 25. Day-ahead wind power production forecast error distribution. Ab-
solute average error 18,0 %.
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Hour-ahead forecast error
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Figure 26. Hour-ahead wind power production forecast error distribution.
Absolute average error 11,5 %.

The error distribution and can be seen in Figure 25 and Figure 26. The abso-
lute average errors for DA and hour-ahead forecasts are 18,0 % and 11,5 %
respectively and the amount can be seen in Table 10. . The forecast is more
accurate the closer to delivery it is as expected. Still, 11,5 % is a rather big
error in the hour-ahead forecast. The error distribution gets tighter when
closer to the delivery time and the fat tails in DA forecast at over 650 MWh /
h disappear completely in the hour-ahead forecast. The day-ahead forecast is
leaning towards negative errors in smaller amounts of forecast errors as the
peak of the histogram is more on the negative side but evens out at higher
forecast errors. Hour-ahead errors are distributed overall more to the nega-
tive side.

7.1.2 Balancing cost calculation

To calculate the cost of balancing, first, the amount of balancing must be de-
termined. The DA error can be easily downloaded from Fingrid Open Data
(Fingrid), but the amount of balance to trade in ID markets must be calcu-
lated by subtracting the DA forecast from the hour-ahead forecast. This gives
the volume of wind power, which can be known before delivery but is not
perfectly accurate compared to actual production. The error between hour-
ahead and actual production is calculated as an imbalance.

There are two different total costs calculated — DA imbalance cost and ID

traded total cost. These are bolded and presented in Table 11. The ID traded
total cost consists of the cost of the ID trading and the imbalance between the
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hour ahead forecast and actual production. This is calculated separately to
deliver more clear results.

Table 11. Cost calculations for balancing wind power forecast errors.

Absolute cost (€) Cost per unit (€/MWh)
DA imbalance 39 411 792 16,26
ID balancing -5072 321 - 3,01
Hour-ahead imbalance | 31788 958 20,45
ID traded total costs | 26 716 637 11,02

As can be seen in Table 11, the total costs of ID traded forecast error are lower
than the DA imbalance cost with 11,02 €/ MWh and 16,26 €/ MWh, respec-
tively. The ID balancing part even turned out to be profitable. Though, this is
calculated with VWAP and does not necessarily represent the real-world sce-
nario. If 100 % of the known error would be dealt with within the ID market,
the price would shift higher if DA forecasts are lower than hour-ahead fore-
casts and vice versa. This would probably make the ID trading less cost-ef-
fective. The potential price creeps during ID trade hours and the effect of tim-
ing the trades is not taken into account in this scenario.

7.2 ID volume drivers

Time to time, ID markets can be observed to be rather liquid with small price
spreads. These often happen during days with high wind power volume. My
hypothesis is that either the low prices or the high amount of intermittent
renewable energy cause liquidity to rise. A higher amount of total wind power
production may lead to higher absolute errors, which must be balanced.
However, this is a hard subject to research as a high amount of wind power
almost always results in lower prices of electricity.

In this subsection, data from 2021 and 2022 H1 are analyzed as one data set.
Due to the purpose of this analysis, the history development is irrelevant, and
the data is combined to provide a larger dataset. According to Garnier &
Madlener (2015), one of the main drivers of ID liquidity is the amount of in-
termittent renewables, wind power in this case, in the system. They state that
liquid markets are required so that the forecast errors of intermittent renew-
ables can be balanced. The data is normalized with min-max normalization,
where the smallest data point in each axis gets a score of 0 and the largest
data point gets a score of 1. This allows the comparison of different variables.

In Figure 28, the ID volume is analyzed as a function of the Spot price. The
data seems to be a cluster in the bottom left with few outliers. This creates
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the trendline to be a positive slope. The R-squared value of the Spot price —
ID volume trendline is 0,0158.

DA price - ID volume
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Figure 27. Normalized ID trade volume as a function of Spot price.
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Figure 28. Normalized ID trade volume as a function of normalized wind
power production volume.
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Figure 29. Normalized ID trade volume as a function of normalized power
demand volume.

In Figure 28, ID volume is studied as a function of wind power volume. The
scatter of this figure follows the trendline much more than in Figure 27. R-
squared value of Figure 28 is 0,0586. Figure 28 has rather high ID volume
data points with low wind power volume both decreasing the correlation co-
efficient and R-squared.

As can be seen from Figure 28 and Figure 28, wind power volume is much
clearer ID volume driver than Spot price. The R-squared value when studying
the wind power volume is much higher, although overall rather low, than
when Spot-price is studied. The correlation coefficients and standard terms
of trendlines are rather similar, so they cannot be used to analyze the differ-
ences in correlation.

Another possibility as an ID volume driver could be a daily price spread. If
trading parties have noticed and taken advantage of daily price spreads and
utilize demand response, they can impact the ID market and take advantage
of daily price differences. Shifting consumption into cheaper hours within
their own restrictions allows consumers to benefit financially and have an
opportunity to balance daily high price spreads, although this price balancing
would happen only in ID markets.

Figure 29 depicts the correlation between consumption volume and ID trade

volume. Compared to wind power production, this provides both a bigger
correlation coefficient and R-squared. This means that the overall
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consumption volume in the Finnish electricity system affects the ID liquidity
more than overall wind power production.

The liquidity in Finnish ID markets is mainly driven by consumption volume.
Wind power production volume is also a driver but does not have as big of an
impact. DA price does not seem to have a significant positive or negative im-
pact on the ID volume, even though a higher amount of wind power volume
usually results in a smaller DA price.
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8 Results and discussion

As wind power capacity has increased, so has the negative correlation be-
tween wind power forecast errors and close to delivery ID prices. Comparing
DA — ID correlation results with DA — imbalance correlation benchmarked
the results and provided useful information about the behaviour and of wind
power operators and how it has developed within the last years. In 2021 when
there was a rapid new development of new wind power production, the cor-
relation between wind power forecast errors and DA — imbalance price cor-
relation was extraordinarily strong. In the same year, though, the DA — ID
price spread correlation rose significantly too, but not as much as in DA —
imbalance. In 2022 H1, the DA — ID price spread correlation increased fur-
ther, but the DA — imbalance spread dropped low.

One reason for the sudden spike and drop of DA — imbalance correlation in
2021 and 2022 Hz1 could be that the wind power balancing operators have
increasingly gotten involved in the ID markets. Imbalance costs have spiked
higher in 2021 and 2022 H1 and thus the imbalance risk has followed.
4.2.2022 at delivery hour 06 — 07, the imbalance price suddenly spiked at
3500 €/MWh (Fingrid, 2023a). These kinds of cost risks could drive opera-
tors into ID markets, where the cost of balancing is known, and thus the risks
are lower.

The data supports that, by trading in ID, the overall costs of imbalances can
be lowered, but the data does not take the timing of the trades into account.
As the forecast gets more accurate, the closer it is to delivery time, the prices
would change when the wind power forecast changes and thus make the
prices less advantageous to wind power balancing.

Low predictability of wind power between the day ahead and even the hour
ahead does not help the penetration of ID trading in order to mitigate the
imbalance of production. In this thesis, only the hour ahead forecast was used
to analyze ID and imbalance markets because the whole ID balancing works
based on forecasting, which is not always accurate.

An example day of the theory and results provided in this thesis is 12.12.2022.
During that day, the DA — hour-ahead wind power forecast errors for the
whole day had an average of 331 MWh/h, meaning that there was more wind
power production than forecasted. DA forecast, compared to the actual pro-
duction forecast, had an average error of 553 MWh/h and there were eight
hours when the DA forecast had an error of 800 MWh/h. This created huge
price spreads for the ID and imbalance prices compared to the DA price. The
average DA price was 385,76 €/ MWh, average hourly ID price was 288,70
€/MWh while the average of the last trades of each product was 244,25. The
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average imbalance price for this day was 141,17 €/MWHh. So, in this case, even
though some of the DA forecast errors were dealt with in ID markets, either
the depth of the is not enough for these extreme situations and no more offers
were in the limited order book, or the market operators do not utilize the ID
markets as much as they should. Comparing the last trade with the average
price values, the error is not significant suggesting that the forecast error may
have been known rather early on before delivery. In this day, the potential for
ID trading utilization with demand response would have been well profitable.

Wind power production volume seems to be still a secondary volume driver
in the Finnish ID market. Consumption volume has a bigger impact on the
ID market volumes. This thesis uses consumption errors (ConEr) as a filter
to focus on the wind the effects of wind power forecast errors, but switching
these variables around would be an interesting topic for future research: ef-
fects of consumption forecast errors in ID markets with wind power forecast
error filter. With ever-increasing amount of wind power in the electricity sys-
tem, wind power could become the biggest volume and price driver in Finn-
ish markets.

This thesis was based on publicly available wind forecasts from Fingrid. If
commercial forecasts are more accurate, the results presented here would be
subject to change. Though, assuming that different parties in Finland use dif-
ferent wind power forecast provider, choosing one forecast would prove to be
problematic.
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9 Conclusions

Finnish ID market price follows the wind power forecast errors. When the
hour-ahead forecast of wind power production is higher than the day-ahead
forecast, the prices in ID markets tend to decrease and vice versa. This has
come into effect in just recent years, particularly 2020 onwards. The effects
of this are explained mostly by new wind power capacity, which has been
built and thus the absolute values of forecast errors have increased.

Comparing DA - ID price spread to DA — hour-ahead wind power forecast
errors with DA — imbalance price spread with the same forecast errors proved
to be a good way to benchmark the utilization of ID markets as all imbalance,
which is not dealt with in ID markets can be seen in imbalance price. Further
filtering of the data pinpoints the desired value as other variables can be de-
creased. Using consumption error filtering, the effects of wind power can be
seen more accurately.

Even though historically the ID volumes have not increased in relation to DA
volumes, the liquidity of ID markets has increased when it comes to wind
power balancing. With increasing the amount of wind power in the future, it
could become the price and volume setter in the ID market.

Handling DA forecast error of wind power is cheaper in ID markets when
using volume weighted average prices compared if the whole imbalance
would be dealt with in imbalance settlement. Strategy and timing of the
trades affect the cost of ID trading, but that topic is not addressed in this
thesis.
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Appendix A. Other wind power forecast error results
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2. ID-DA ConeEr filter
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3. ID-DA threshold percents 2022 H1
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4. ID-DA threshold filter
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7. DA-Balancing Threshold filter
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