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ARTICLE INFO ABSTRACT
Keywords: With an increasing share of renewable power in the energy mix, planning of new renewable energy production
Cannibalization

sites becomes increasingly important. Having geographically highly centralized generation leads to overlapping
peaks in generation, which are directly seen in the day-ahead markets as increasing electricity price volatility.
By analyzing the impact of added generation on day-ahead prices, optimal sites can be identified that maximize
investor revenue and societal savings, helping reduce regional disparities in development. This paper uses
wind power estimates based on ERA5 global weather data, together with NordPool price data, to evaluate
optimal sites for a new wind farm. The paper discusses the value of dispersed generation and co-planning of
future wind farm installations. Cannibalization of the day-ahead market price due to centralized generation
is addressed, and it is found that additional wind power capacity in high-capacity areas could cannibalize
revenue by 9 €/MWh. The results from the applied methodology show that there are areas where it is possible
to generate high revenue while simultaneously providing society great benefit in reduced electricity price for

Renewable energy
Price volatility
Electricity market
Energy transition

energy users in the day ahead-markets of on average 1.1-1.4 €/MWh over the whole year.

1. Introduction

Climate change is one of the major threats of our time. The Paris
Agreement aims to limit the increase of average temperature to well
below 2 ° C [1]. One of the best ways to defossilize and decarbonize
an economy is through electrification, which requires investments into
new renewable power generation capacity.

The Nordic countries are sparsely populated, having potential for
both solar PV and onshore wind power. Typically, solar PV is the
lowest-cost source of electricity, closely followed by onshore wind
power [2]. Much of the world, especially around the equator, is able
to build renewables-based energy systems based on affordable solar PV
with grid storage; however, in the Nordic countries, due to polar night
and the high likelihood of solar panels being covered with snow, the
grid cannot rely on solar power alone. Finland, for instance, is located
in the northern part of the EU and belongs to Dfc in the Koppen-Geiger
climate classification [3], which indicates the presence of subarctic
climatic conditions dominant in the major part of the country. As a
result, onshore wind power is the favored source of renewable energy
over solar PV. In 2022, Finland and Sweden installed 8% of all new
global onshore wind power capacity [4].

* Corresponding author.
E-mail address: markus.salmelin@lut.fi (M. Salmelin).

https://doi.org/10.1016/j.renene.2025.124479

According to the Finnish transmission system operator, Fingrid,
there were connection requests for over 340 GW of added new
renewable generation capacity, of which 200 GW is onshore wind
power [5]. At the end of 2023 there was 6900 MW of installed
onshore wind power generation capacity connected to the grid, and
it is expected to increase to 23 GW in 2030 [5]. At the time of writing
this paper in the summer of 2024, the installed capacity of onshore
wind power has increased to 7300 MW [6].

Such an increase in the number of new wind farms will have
an effect on the grid and energy markets due to overlapping power
generation, further amplified by the effect of temperature on power
generation [7]. As there is a significant drive to add new wind power
generation capacity to the grid, the effects must be evaluated; however,
the emphasis should be on prioritizing installations that support the
needs of society the most. Future investments should be made to pursue
energy security by reducing the effects caused by the intermittency of
wind power as well as to reduce the electricity price for consumers,
thereby increasing their welfare.

The building of new wind farms is mainly driven by economic
considerations. Historically, when the penetration of renewable wind
power was low in the energy mix, the most favorable sites were those
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Fig. 1. Locations of installed wind power farms in 2024 in Finland [6].

that generated the most energy. In Finland, this area is the west coast,
where most of the currently installed wind farms are located, as seen in
Fig. 1. As the penetration of wind power increases, it has more leverage
on the day-ahead market prices. After a certain point, highly centralized
production can significantly impact the day-ahead market. At times of
low wind availability, the day-ahead market prices can increase , and
vice versa, even below 0 €/MWh.

The day-ahead electricity price is strongly tied to the balance of
wind power supply and heating demand in Finland as it is common
for heating to be electrified using a heat pump when located outside
the district heating networks. The electricity demand for 2023 for
the whole of Finland is illustrated in Fig. 2 plotted against outside
temperature from the center of population of Finland. Due to the polar
night there generally is virtually no solar power generation during the
darkest and coldest months. As a result, in winter, when the electrical
loads are the highest, there is a strong dependence on wind power.

To avoid peaks and troughs in power supply, one solution is to have
dispersed wind power generation across a larger geographical area.
As weather conditions are mostly a local phenomenon that transitions
from one place to another, it makes sense to think that having turbines
spread over a larger area to catch the weather event, in this case
stronger winds, at different times would provide a more base-load like
generation profile. Dispersed wind power installation and its effects in
Finland have been discussed by Holttinen [8] and Mursu [9].

Holttinen studied the effect of dispersed large-scale wind power
generation in the Nordic countries and its related variability [8]. A total
of 33 sites were compared using time series data from 2001, and it was
concluded that dispersed wind power generation increased base load
like power generation and that a greater distance d between two points
of wind power generation reduced correlation according to:

p = ¢(@/500) 16}

The power profiles from two locations, one from the west and one
from the east, are compared in Fig. 3 to highlight the point of Holtti-
nen [8]. The power profiles are from a sample period from the start of
the year and stem from the methodology used in this paper which is
further discussed in Section 2. It can be seen that the generation of the
east and west locations do not align and the wind power can influence
the day-ahead prices. It is important to note that the weight of the
wind power generation lies disproportionately on the west coast and
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Fig. 2. Electricity consumption of Finland with outside temperature in
2023 [10].

as a result the electricity price will tend to inversely correlate with the
generation on the west coast. For added context, the 10 largest cities
have been plotted in Fig. 3(a) to showcase the major load centers in
relation to the locations of the installed wind power capacity seen in
Fig. 1. Still, it is important to note that due to Finland being a single
price area without congestion charges (Section 2.4.5), the distance to
load centers does not affect the electricity price.

Two locations that are close to each other will often have correlating
power generation due to experiencing the same weather front with
only a slight delay. As the distance between two locations increases,
it is no longer possible to talk about correlation of profiles, as what
happens in one location is not directly reflected in the generation
profile of the other location at a moment in time. It is not correlation or
anti-correlation that is sought, instead, quantifying the temporal shift
and change in magnitude of power generation from different weather
events coming from different directions which is best done through the
analysis of the effects in the day-ahead markets.

Cannibalization of electricity market price is a phenomenon in
which a large amount of renewable power is being generated at the
same time, leading to downward pressure on the day-ahead market
price due to oversupply of power [11]. This can have negative effects
on revenue as on average, an investor obtains a lower capture price
for the generated electricity because of simultaneous generation from
other parties. At the same time, this can lead to large swings in energy
price for a consumer. The effect of cannibalization of electricity market
price is highly relevant in Finland, where the effects can already be seen
despite the fact that there is only one price area over a large surface
area [12]. Due to restrictions by the Finnish Defence Forces to not allow
the installation of wind turbines near the Russian border, the bulk of
wind power capacity is installed on the west coast, where the wind
conditions are the most favorable [13]. This is a prime scenario for
price cannibalization to occur and to be measured. In 2023, wind power
accounted for 18% of the country’s total energy. Since the end of 2023,
around 600 MW of new capacity (10%) has been installed with a strong
growing trend.

Generally, cannibalization of the electricity market price has been
recognized to be a growing issue with a higher penetration of renew-
able energy sources, especially when considering solar PV [11,14-16].
However, in the context of wind power, the topic has not been ad-
dressed in such depth. Ajanaku et al. investigated whether wind power
can be seen in the wholesale market prices around Pennsylvania with
a relatively low wind power penetration of 3% [17]. They observed
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Fig. 3. Comparison of the wind power generation profiles from a location in the west and in the east. The specific location can be seen in Fig. 3(a) together
with the 10 largest cities in Finland. Sample power profiles together with the day-ahead price in Fig. 3(b).

that changes in revenue, albeit small, were evident even at such low
penetration rates. Reichenberg et al. studied wind power cannibaliza-
tion of revenue in Germany and ways to combat it to benefit investors
through using carbon credits [18]. Prol et al. estimated the effect of
curtailment on wind and solar average unit costs [16]. They focused
on cannibalization of the market share instead of revenue.

Riaz et al. [19] studied the effect of changing the azimuth angle to
catch a better capture price with solar PV in Finland as well as in other
countries. They showed that it is possible to design PV systems to catch
a better price for the produced electricity at the cost of lower volumes,
however, yielding an overall higher revenue. For wind power, it is
not as simple as orienting the turbines differently; instead, they have
to be geographically located so that they catch more favorable wind
conditions. Such research has not been previously performed, likely due
to the reasons mentioned in Section 1.2.

Historically, when the share of renewable energy has been low
in the energy share, wind farm optimization has largely focused on
maximizing electricity output and optimizing turbine control to better
handle strong gusts. This has been done by reducing wake effects
through optimization of farm layout, such as by Zhang et al. [20].
Papers regarding wake effect measurement methods and results of
onshore and offshore wind farms have been compiled in a literature
review by Sun et al. [21]. Zhou et al. [22] focus on predicting gusts
to better control wind turbines, improving their annual yields while
also increasing their reliability. The optimization of wind farm location
against electricity markets has not been done before using spatially
explicit methods.

The hypothesis of this paper is that through dispersed generation
of wind power, there can be significant societal benefit in reducing the
consumers’ electricity costs by shaving larger price peaks and bringing
the average price of electricity down. In addition, there should be
some areas where the wind conditions are such that even with an
overall lower annual energy yield compared with the best locations,
an investor should be able to generate a similar or even higher revenue
compared with the currently most favored west-coast locations because
of the on-average higher day-ahead market price resulting from lower
availability of power in the grid. In that case, the investor would be
able to sell electricity at a better price that is less affected by price
cannibalization on the west coast. Mursu [9] studied the effect of new
wind power capacity in eastern Finland on the electricity system in the
year 2022. The study added some wind power generation capacity to
the west coast, east and southeastern parts of Finland in different sce-
narios. The results showed that installing new wind power generation
capacity in the south-east could provide better revenue than on the west
coast.
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Fig. 4. Day-ahead prices in the price area of Finland in 2023. [23]. The center
red line in the box depicts the median. The bottom and top edges of the boxes
indicate the 25th and 75th percentiles respectively. The whiskers indicate the
most extreme data points that are not considered outliers.

1.1. Aims of the paper

This research seeks to promote the value of strategic planning of
the placement of new wind farms to maximize revenue for an investor
while also maximizing the societal benefit through reduced electricity
prices. The government, municipalities, and investors should work
together to benefit everyone.

At the time of writing this paper in 2024, the effect of price
cannibalization can be seen in the day-ahead markets. When there is
a lot of wind power available, the electricity prices can be 0 €/MWh
or even negative fairly consistently, especially in the summer when the
need for energy is lower and solar power also contributes to power
generation. The price fluctuations in the day-ahead market prices are
illustrated in Fig. 4 for the 2023 calendar year [23]. One of the aims of
the paper is to quantify the effect of marginal added generation and its
effects on the day-ahead market prices, as well as quantify the effect of
price cannibalization in different areas.

The results show that while some areas are preferred over others in
terms of revenue for investors and reduced electricity costs, no area
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should be ignored and all new added wind power capacity benefits
society regardless of the location.

1.2. Contribution

It is evident that there is a significant gap in the literature regarding
comprehensive understanding of the implications of additional wind
power generation on the energy system. To bridge this gap, the main
research objective of this paper is articulated as follows:

“What is the effect of dispersed generation on the day-ahead markets?”

To achieve this research objective, the following research questions
were formulated:

1. How could dispersed wind power generation lead to reduced
electricity costs to consumers?

2. How does the revenue differ based on different locations for the
installation of new wind power?

3. To what extent do additional wind power installations affect
electricity market prices?

To effectively address these questions, several prerequisites are
required:

A global weather-based wind power model with a temporal reso-
lution which matches that of electricity markets.

In-depth price area data for both supply and demand, including
the merit order of generation.

A high penetration of wind power in the existing energy mix so
that day-ahead market prices experience volatility attributable to
renewable energy generation.

A highly centralized wind power capacity.

A sufficiently large price area where installation sites are not at a
premium. Smaller price areas often lack the flexibility of choice
and may need to install wind farms wherever possible.

Based on these considerations, Finland was selected for this study
due to its high renewable energy penetration and its position within a
dynamic electricity market. In 2023, 31% of all electricity contracts in
Finland were spot contracts up from 14% in 2022. This paper proposes
and demonstrates a novel methodology that combines global weather
data with NordPool electricity market data to assess the effects of price
cannibalization from centralized wind power production in Finland.
The methodology is applicable globally in regions where such price
data are available. The results highlight opportunities to achieve sub-
stantial revenue, support the electricity market, provide societal savings
on electricity costs, and reduce grid congestion. Additionally, the study
shows that dispersed generation can mitigate the intermittency of
renewable energy sources.

The authors believe that this paper is the first to fully identify the
current state of the electrical system and perform a market study on
a whole price area where new turbine capacity should be installed.
The methodology proposed by Mursu [9] was further generalized and
improved to include the whole of Finland with high accuracy and with
a higher temporal resolution of one whole calendar year. One major
benefit of the applied methodology is that it can be applied globally as
long as the listed data prerequisites are met.

The outline of this paper is as follows: Section 2 describes the meth-
ods applied in this paper, followed by Section 3 depicting the results
obtained. Section 4 highlights the key-takeaway points, Section 4.1
addressing the limitations of this study. Finally, Section 5 concludes
the paper.

2. Methodology

This section discusses the methodology adopted in the paper to eval-
uate investor revenue and societal benefit through reduced electricity
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costs. The research was conducted for the year 2023, as it was the latest
full calendar year.

The price area of Finland was chosen for this research due to the
large-scale implementation of onshore wind power, which is, due to
constraints, highly concentrated on the west coast of the country. As
Finland constitutes a single price area, there is also a great oppor-
tunity to disperse large-scale generation over a large surface area,
unlike continental Europe, where the price areas are relatively small
and installation areas are at a premium. In addition, there exists no
congestion charges due to the TSO performing what is known as
countertrading [24,25], where supply is shifted to a less congested area
at a cost to the TSO. This cost is not reflected to either the supplier or
the consumer. Overall, Finland experiences very little congestion due to
being highly electrified and having strong transmission and distribution
networks, which are dimensioned according to peak winter demand for
heating and to accommodate electric saunas.

A farm size of 100 MW was chosen due to the ability of being built
as a single investment project almost everywhere and it being the mean
size of the farms being currently built as seen in Fig. 5.
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Fig. 5. Distribution of wind farm sizes in Finland.

In this paper, a global weather dataset is used as a basis to a physics-
based wind power estimation model for the whole of Finland at an
hourly resolution (Section 2.2). Having a global weather based wind
power model with a long history of weather data allows for a more
general analysis of a whole price area over a longer period of time,
which enables research that is not subject to location or time period
selection biases. In addition, by employing price data from 2023 the
disturbances on energy prices caused by the energy crisis were largely
avoided.

The overall methodology applied in this paper can be seen in Fig.
6. Weather based wind power generation is added to the energy supply
curves from NordPool. A new market clearing price (MCP) is obtained
due to the increased power generation capacity.

2.1. Data

The data used in the research consist of ERA5 weather data (Sec-
tion 2.1.1) at an hourly resolution, transformed into power genera-
tion estimates using an Enercon E-160 EP5 E3 5.5 MW turbine (Sec-
tion 2.2) [26]. The effect of the additional power supplied to the market
was analyzed through hourly supply and demand curves for the Finnish
price area provided by NordPool (Section 2.1.2) with the methodology
outlined in Section 2.4.1.

2.1.1. ERAS5 weather data

The ERAS dataset is a global weather dataset with hourly resolution
and spatial resolution of 0.25° x0.25°, which translates into a resolu-
tion of roughly 28 km x15 km in Finland, which is the study area in
this paper [10].
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Fig. 6. Overview of methodology.

The ERA5 dataset was chosen for its wide availability. It is especially
good in remote areas that do not necessarily have weather stations at
a resolution that would make sense due to a low population density. In
addition, these areas are more attractive for wind farm installations as
they are not located close to habitation centers. The accuracy of ERAS
compared with other global datasets has been evaluated in [27-29] and
thus, data validation is not within the scope of this paper.

Biases in the ERA5 data set are recognized to occur at lower wind
speeds as seen in the work by Salmelin et al. [7], where the ERA5S
wind speeds were compared with mast readings from 100 m elevation
obtained from the Finnish Meteorological Institute. The wind speeds
were observed to sometimes be overestimated at <5 m/s. However, as
the biases were at lower wind speeds, the impact on power generation
estimates is minimal due to wind power being proportional to the third
power of the wind speed. The bias in the wind speeds was also observed
over the Baltic region by Hallgren et al. [30].

2.1.2. NordPool market data

NordPool is the leading power market in Europe, operating in
the wholesale electricity market across multiple European countries.
Established in 1993, it provides a platform where electricity producers,
suppliers, and large consumers can trade electricity in the day-ahead
and intraday markets [31].

In this paper, in order to investigate the effect of additional wind
power generation in Finland, the supply and demand bids within
Finland were employed [32]. The data were acquired from NordPool
for the year 2023. Based on these bids, the area price of Finland can be
obtained. The methodology for extracting market clearing price based
on supply and demand bids is explained in detail in Section 2.4.

2.2. Generating wind power profiles

The wind power profiles for the year 2023 were generated using
the methodology displayed in Fig. 7. The methodology has already
been used by Salmelin et al. [7]. ERAS5 stands at the basis of physics-
based estimations of wind power generation together with an E-160
EP5 E3 turbine (5.5 MW) sitting at a 166 m hub height with a 160 m

blade span [26]. The turbine was chosen based on the study conducted
by Satymov et al. [33] where they studied the most optimal turbine
type globally and found that the Enercon E160 EP5 E3 turbine was the
optimal choice for much of the world, including the Finnish price area
as a whole, with the lowest levelized cost of electricity (LCOE) in 2035
as well as 2050. The coefficient of performance of the wind turbine,
which describes the efficiency of the wind turbine to convert the kinetic
energy of wind to electricity, was obtained using a database containing
multiple different turbines [34]. The coefficient was estimated in parts
from 0 m/s to 26 m/s and smoothed using a running average and
finally applying a smoothing spline fit. A better approximation for the
coefficient of performance could be achieved if the raw data were made
available by the manufacturers; however, this information is often kept
confidential.

The turbine selection affects the power generation volumes owing to
different turbine characteristics: height, blade length, and performance
at different wind speeds. The main objective of the paper is not to
dictate at the micro level where individual turbines of a certain type
should be installed; instead, the target is to highlight the benefits of
dispersed generation and to show that it can be done without losing
significant revenue. Some different type of turbine may be better suited
for coastal areas where gusting is prevalent, and other locations may
benefit from smaller turbines, which are more capable of generating
power at lower wind speeds but as shown by Satymov et al. [33], the
chosen turbine is well suited for the whole price area.

Additional study has been performed by the authors to complement
the present paper, where the effect of turbine selection was estimated
on the same key parameters [35]. It was found that the most influential
characteristic of turbines was hub height, which should be maximized
to obtain the most market benefit together with geographical disper-
sion of generation. It was initially hypothesized that smaller turbines
(around 3 MW) could generate power at lower wind speeds during
periods of high electricity prices. However, because power output scales
with the cube of wind speed, overall energy production (also annually)
remains low. To maximize full-load hours and ensure steadier wind
power generation, turbines should primarily be installed with higher
hub heights.

l

Wind speed . Coefficient of
10m Wind speed performance
elevation correction l
ERAS Wind speed (eq. 3-4)
100m Power Output (eq. 5)
Temperature . .
om Air density (eq. 2)

Hub height

Turbine data sheet

Swept area

Fig. 7. Formation of the wind power generation profiles at each location.
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(b) Wind speed variability in 2023.

Fig. 8. Full load hours of the different wind farms (8a) using Enercon E-160 EP5 E3 5.5 MW turbine and ERA5 data together with the variability in wind speeds
(8b). The center red line in the box depicts the median. The bottom and top edges of the boxes indicate the 25th and 75th percentiles respectively. The whiskers
indicate the most extreme data points that are not considered outliers. Data is for Finland for the year 2023.

The air density p, which consists of the dry mass of air m, the air
pressure p, and the Boltzmann constant k,, is inversely proportional to
temperature T as expressed in:

mp
= = 2
P T (2)

The wind speeds v were increased to better simulate the wind speeds
at the 166 m hub height, where h corresponds to the respective hub
heights according to:

Rygom \
U166m = V100m <—h100m> 3)
m

The coefficient a, which is the Hellman coefficient and describes
how the surface roughness affects wind speeds, can be calculated with
already known wind speeds at different heights using Eq. (4). ERAS
offers wind speeds at 10 m as well as at 100 m, which can be used for
the whole geographical area of the study as the « coefficient depends
on local conditions:

log( o
g oon” @

- h
log(t=)

The variables from Egs. (2)—(4) are combined with the swept surface
area A, the coefficient of performance C, and the wind speed v at hub
height to estimate wind power P,;,, according to the equation:

Umom)

P,

w

ind = 05ApC, 03 &)

Uncertainty in the wind power estimates mainly stems from wind
speed variability. The ERA5 dataset tends to underestimate wind
speeds, especially at lower speeds (Section 2.1.1). Additionally, the
hourly resolution does not take into account gusts that can cause
the turbine to be shut down. Icing is not considered, which can also
affect the accuracy of the model. Despite this, the model is valuable
for assessing the market impacts in regions without real wind speed
measurements at required heights or existing turbines.

The estimated full load hours are comparable with estimates from
VTT (3000-3500 h) from a sample location on the west coast [36]. The
rest of the country generally experiences weaker winds, as seen from
the Global Wind Atlas [37]. Despite its biases, this method provides
consistent wind power generation profiles across Finland, which are
mainly driven by local wind availability according to ERAS.

2.3. Wind conditions

Wind conditions are highly affected by seasonal differences in the
Nordic countries. During the winter months, the winds tend to be
stronger than in the summer. In the summer, the wind power pro-
duction is 60%-80% while in winter it is 110%-150% of the yearly
average [8]. This variation can be observed in Fig. 8(b) for the whole
of Finland. When evaluating the generated power, temperature plays
a significant role, especially in Finland, where the temperature differ-
ences can be over 60 °C between the seasons. This has a direct impact
on air density and, as a result, potential power generation, which
further amplifies the seasonal differences in power generation [7]. The
full load hours can be seen in Fig. 8(a) for the year 2023.

2.4. Algorithm to analyze market data

In order to understand the influence of additional generation in the
energy system, a market clearing algorithm that is used in deregulated
electricity markets is outlined in this section. The algorithm was devel-
oped in Python. The model considers both supply and demand bids, and
it incorporates relevant constraints to ensure market feasibility. The
overall implementation of this algorithm is described in Section 2.4.5,
and a sample graph to illustrate the functioning of the algorithm is
depicted in Fig. 9.

2.4.1. Objective function

The day-ahead price is formulated based on a Security-Constrained
Economic Dispatch (SCED) model which ensures electricity security
while minimizing costs. The objective function of this model (primal
problem) provides security of electricity at minimal production costs
which is formulated as follows:

Ng Ny
maX(Z plof - ZP;Qj> ©
_ &

i=1

where:

+ P? and Q¢ are the bid price and quantity of the ith demand bid,
respectively.
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- P and Q] are the bid price and quantity of the jth supply bid,
respectively.

*+ N, and N, are the total number of demand and supply bids,
respectively.
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Fig. 9. Sample of the market clearing algorithm and MCP for the whole price
area of Finland for a sample hour.

2.4.2. Constraints
The market clearing model is subject to the following constraints:

1. Supply-Demand Balance: The sum of electricity produced sho-
uld be equal to the sum of electricity consumed.

N, Ny
S _ d

Yoi-Yo ?
j=1 i=1

2. Non-Negativity: The supply and demand bids should always be
positive.
0?>0 Vie{l,...,N,} (8)
;20 Vje(l,..,Ny (C)]

3. Bid Quantity Limits: As each supply and demand bid has its
maximum limits, all the accepted bids must be within their
limits (Q_;’, Q_j is the maximum limit of ith demand bid and the
maximum limit of jth supply bid respectively).

0<0?<0% Vvie{l,..,Ny} (10)

0<0;<0; Vje(l,...Ny} a1

4. Price Limits: The Market Clearing Price represented as Py;¢p,
should be within the minimum and maximum limits of the
market.

PminSPMCPSPmax (12)

The maximum (P,,,,) and minimum (P,;,) price in NordPool in
day-ahead market are 4000 and —500 €/MWh respectively.

2.4.3. Dual problem

To derive the MCP, the dual problem is employed in this paper. It
offers an alternative perspective on the primal problem by focusing on
the constraints rather than on the objective function itself. The dual
variable associated with the supply-demand balance constraint plays a
key role in determining the MCP. To extract the MCP, a dual variable
4 associated with the supply-demand balance constraint is introduced.
This dual variable A represents the marginal value of relaxing the
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supply—demand constraint by one unit, which can be interpreted as the
MCP.
The Lagrangian (£) for the primal problem is given by:

Ny Ny Ny Ny
c=2}a"Q?—Z‘1P;Q;+A<Z]Q;—ZQ?> 13)
i= j= Jj= i=

The dual problem is obtained by maximizing the Lagrangian over
the primal variables Q;’ and (8 and then minimizing it with respect to
the dual variable 4:

min max £(Q¢,0%, 1) a4
40l !
The optimality conditions for the primal problem require that the
derivatives of the Lagrangian with respect to Q;’ and Qj are zero at the
optimal point:

a_ﬁdzpid_g:o = ,1:pid (15)
00"

oL )

aQs'=/1_pjé=o > A=P (16)
J

Thus, the Market Clearing Price 4 is determined by the intersection
of the supply and demand curves, where:

Pycp=4= Pid =P a7)

This means that at the MCP, the dual variable A equals the bid price
for both the marginal (last accepted) demand bid and the marginal (last
accepted) supply bid.

The MCP using the dual approach is the value of the dual variable A
that balances the supply and demand in the market. This dual variable
represents the price at which the total quantity supplied equals the total
quantity demanded. Mathematically, this can be expressed as:

Pycp =4 (18)

where A* is the optimal solution to the dual problem.

2.4.4. Market clearing algorithm
The market clearing process involves the following steps:

1. Sort Bids: Sort supply bids in ascending order of price and
demand bids in descending order of price.

2. Calculate Cumulative Quantities: Compute the cumulative
quantity for both sorted supply and demand bids.

3. Find Market Clearing Price (MCP): Identify the price at which
the cumulative supply meets or exceeds the cumulative demand,
i.e., the optimal solution to the dual problem.

4. Allocate Quantities: Allocate the quantities to supply and de-
mand bids based on the MCP, ensuring that the total allocated
supply matches the total allocated demand.

An example resulting plot from the market clearing algorithm can
be observed in Fig. 9.

2.4.5. Implementation

Market data from NordPool is used in this paper [32]. The supply
and demand bids of all energy entities in the day-ahead market for
Finland are used for the year 2023. The additional production of
electricity through the wind farms would have near-zero operating
costs and could be included in the market clearing algorithms at zero
cost. The changes in prices before and after the addition of wind
power plants are computed and denoted by 4P. The entire algorithm
is implemented in Python using a Gurobi solver.

To simplify the process, cross-border trading is not assumed to take
place. Data shows that there has been 0% of the time when Finland has
been in a price balance with its neighboring price areas, which indicates
that there are cross-border transmission bottlenecks [38]. Furthermore,
as the cross-border capacities are already fully utilized and the southern
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Fig. 10. Process chart of the market analysis.

areas of the NordPool market systematically experience higher prices
than either Finland or Sweden, it can be assumed that cross-border
flows remain unchanged. Lastly, Finland is highly self-sufficient in
terms of electricity consumption, with only 3% of total consumed
electricity being imported [39]. The overall process is described in Fig.
10.

Considering a single initial location for the additional wind park
installation, as shown in Fig. 10, the price changes are computed on
an hourly basis, and the process is repeated over the entire year.
The resulting price variations for the specific location are evaluated
annually and subsequently re-evaluated for the other locations across
Finland. A total of 1890 locations were calculated, of which 1003 fall
inside the land borders of Finland.

There are two market design options to deal with transmission net-
work congestion, locational marginal pricing (LMP, aka nodal pricing),
in which each network node has separate price including energy, losses,
and transmission congestion costs, and zonal pricing, in which larger
area (e.g. one county) has uniform price. In Europe, zonal pricing has
been chosen as a market design, and the whole of Finland is a single
bidding area, thanks to a strong network and no significant congestion
within the country.

While grid congestion is becoming ever more relevant, as previously
mentioned, there is no market structure in place where costs associated
with grid congestion are reflected on the consumer or producer. The
TSO performs countertrading [24,25], which shifts power generation
to less congested areas. A further study is planned, and thus, a network
analysis is not within the scope of this paper, except for acknowledging
the growing issue.

If the current existing price area were split into further areas or
nodes, it would cause further imbalances and issues in pricing due to
the heavy centralized generation, further aggravating cannibalization
on the west coast. It could help incentivize the installation of new wind
power capacity in other areas; however, it is important to keep in mind
the limitations in installing wind power in the north and the east as
discussed in Section 1.

3. Results
3.1. Maximizing electricity cost reduction for society

The societal benefit from the added generation is determined as
the reduction in the total electricity cost in the day-ahead market

for consumers. The total energy consumed for the year 2023 in the
day-ahead markets was 58 TWh. The difference in price (difference
between market clearing price before the addition of the new wind
power capacity (BW) and after the addition of the new wind power
capacity (AW), i.e., PEW — PAY ) is multiplied by the new day-ahead
market demand (E,,, 4,,—sheqq) @t the new capture price to evaluate the

societal benefit according to:

8760
Societal benefit = Z(Plsvgp,h — Pﬁvgp’h) -E
h=1

The MCP before the addition of wind power was obtained from
the market algorithm described in Section 2.4.4 and verified against
the values from the market operator NordPool [40]. This comparison
doubled as verification of the functioning of the market algorithm as a
whole.

An increase in wind power production due to the merit order of
generation, where the cheapest sources of electricity are consumed first,
will lead to reduced electricity prices regardless of where the wind farm
is installed. The biggest reductions in electricity cost are observed when
the power demand is high and the timing of the generation manages
to significantly cut a high day-ahead market price. The reductions in
electricity costs are illustrated in Fig. 11 in units of M€/a (Million Euro
per annum) and €/MWh (Euro per megawatt hour). It is noteworthy
that in Fig. 11(b), despite the average reduction in electricity cost
per MWh being higher in the center of Finland, other regions may
achieve overall higher reductions in electricity cost due to a higher
overall supply of energy.

19

con,day—ahead,h

3.2. Maximizing revenue for investors

The areas and their estimated revenue using the new day-ahead
market price are seen in Fig. 12. The coastal areas are areas of a high
potential revenue as anticipated, mainly driven by the strong winds
generating over 15 M€/a in revenue (38.5 €/MWh). The revenue
per MWh is lower than in some other areas, but due to volume of
generation, the total revenue is higher as seen in Fig. 12(b). The south-
east is comparable in terms of revenue due to higher electricity price
per MWh (40 €/MWh) generated and the wind conditions being overall
only slightly worse than on the coastal regions as seen in Fig. 8(a).
It is noteworthy that some areas, especially in the north, are areas
where new wind farms may not be readily built due to cultural reasons,
national parks, or a lack of connecting infrastructure [41].
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Fig. 11. Quantifying societal benefit through reduction in electricity costs in the day-ahead market.
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Fig. 12. Estimated revenue for an investor from selling generated wind power in the day-ahead market with a new capture price in 2023.

The best revenue per MWh is obtained in southeastern Finland,
as seen in Fig. 12(b). Some areas in the far North obtain similar or
better revenue; however, due to aforementioned restrictions new wind
power capacity may not be easily built there. Coastal regions offer the
highest total revenue due to the higher total generation, as observed in
Fig. 12(a). The revenue is comparable between the coastal regions and
southeastern Finland; however, due to price cannibalization, especially
the west coast may not be as competitive in the future. This is further
discussed in Section 3.3.

3.3. Effect of cannibalization on revenue

Cannibalization of the electricity market price is a phenomenon in
which the generation from most commonly renewable sources aligns
so that there is oversupply of power, leading to a disproportionately
lower day-ahead market price. As a result, if additional renewable
energy capacity is added to an area that is already generating a lot of
renewables-based power, it can cut further into the expected revenue.
To combat this effect, the sources of renewable power in an area should
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Fig. 13. Comparison of the effects of additional wind power capacity on revenue through cannibalization of electricity market price.

be diversified or installed in other areas with different generation pro-
files, most commonly at a great geographical distance where possible.
The cannibalization effect of additional wind power capacity can be
quantified through the effect on revenue in day-ahead markets. The
loss in revenue is calculated hourly by comparing the occured cleared
price (PEY")) to the new price due to additional generation (Pj¥ )
multiplied by the hourly generation (E,;,,), as expressed by:
8760
Loss in revenue = — Z Eyinan - (
h=1

PBW

AW
MCP,h — P

MCP.) (20)

The effect of cannibalization is quantified in Fig. 13. It can be seen
that the cannibalization effect is stronger on the west coast, where the
majority of current wind power is installed. As the distance from the
epicenter of generation increases, the losses due to cannibalization also
decrease.

The seasonality of the cannibalization is plotted in Fig. 14. The
cumulative loss over the year 2023 is plotted for three sample locations:
west, east, and north. The highest cannibalization rates can be observed
between February and June, which coincides with high electricity
prices. Between June and September, the cannibalization rates slow
down likely to low electricity prices. As electricity prices start in-
creasing in September, the losses due to cannibalization also increase
and continue to the end of the year. The east and north locations
follow similar patterns and overall much lower cannibalization rates
than the west location, as seen prior in Fig. 13. The west experiences
more aggressive increases in losses driven by concentrated simultane-
ous generation and market saturation, as seen during September and
October. All locations are similar in pattern but differ in magnitude
with decreasing cannibalization observed at locations further from the
west coast.

3.4. Distribution of periods of revenue

The effects on the electricity market from a single new wind farm at
a sample location are plotted in Fig. 15. The figure illustrates the hourly
reductions in electricity cost, together with the cumulative reductions
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Fig. 14. Cumulative cannibalization of revenue in M€ for the year 2023 for
sample locations from the west, east, and the north.

as well as the changes in day-ahead market prices that were caused by
the addition of the said wind farm.

Fig. 15 shows that there is no seasonality effect on the timing of
the electricity cost reductions obtained, but rather, there are certain
periods where the reductions have been significant (from February
to March, from September to October and in November). The spikes
occurring between September and October can be attributed to the
reduced operation of nuclear power in Finland, which resulted in
higher electricity price reductions.

At the start of November, a large spike is seen, which can be
explained by the beginning of winter when the consumer demand
increases and the temperature falls, causing these high price spikes as
depicted in Fig. 2. Despite this anomaly in prices, in general, the stream
of electricity cost reductions is roughly linear over the year, with a few
events of greater contribution.
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Fig. 15. Distribution of changes in electricity cost and day-ahead market price.
The effects are from the effect of the new wind power capacity at a new single
sample location.

4. Discussion

Based on the aforementioned results, this paper provides several
key takeaway points that are useful to investors, policy-makers, and
specialists within the energy industry.

First, this study employs a comprehensive model that integrates an
hourly regional weather-based wind power simulation, which is used
to assess the impact on the day-ahead market. Specifically, the analysis
considers the installation of a 100 MW wind farm at various locations
across the country, examining the effects of this additional generation
on market dynamics. The methodology proposed in this paper is novel
and represents the first of its kind. Moreover, it is readily adaptable for
application in other countries, given the availability of relevant data.

Second, the findings of this study underscore the critical importance
of dispersed generation within the country. As energy systems continue
to develop, proactive planning is essential, since retrofitting solutions
can be prohibitively expensive. Regions with high potential for revenue
and electricity price reduction should be prioritized for development.
Relying heavily on centralized power generation far from load centers
necessitates significant investments in the electrical grid. Currently,
there is a critical bottleneck in power transmission between northern
and southern Finland, which is made worse as more wind power
is installed in high-capacity generation areas [38]. Beyond assessing
societal electricity cost savings, the present state of the grid must
also be taken into account. Locating power generation closer to load
centers can alleviate transmission capacity constraints. Singh et al. [42]
investigated the challenges of integrating renewable energy sources
into the grid, highlighting the limitations of on-grid connections and
the advantages of dispersed generation.

Third, this paper highlights the effect of the cannibalization of
electricity price with added renewable energy generation within the
electricity system. Installing new wind power capacity in areas with
already high-capacity causes a higher cannibalization effect. Despite
the effect of cannibalization, the revenue on the west coast is high. This
is due to only adding marginal new generation (100 MW) compared to
the total capacity in the system (7000 MW). This may, however, not be
likely for long if new wind power farms are built in the area.

Cannibalization of the day-ahead market electricity prices can have
a significant effect on revenue; however, there are ways to counter-
balance its effect. The effect of cannibalization has previously been
documented by Prol et al. in the State of California and by Reichen-
berg et al. at a more general level [11,16,18]. Glenk et al. found
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that the substantial decrease in life-cycle costs of solar PV outweighs
the growing cannibalization effects in California [14]. Similar trends
have not been observed for wind power due to significantly higher
investment and operational costs. Liebensteiner et al. argued that the
effect of carbon pricing can serve as a method to fight the effect of
cannibalization in Germany [15]. This means that renewable power
producers could compete in the carbon offset markets instead of the
electricity markets for the main source of revenue. This can, however,
be dangerous from the system perspective, as there may not be great
interest in the state of the infrastructure and societal needs from the
investors’ point of view. Liebensteiner et al. stated that in Germany, a
carbon price of 40 €/tCO, can offset the cannibalization effect of an
RE-intensive system. There can be additional losses in revenue other
than cannibalization in specific cases where the system is dominated by
intermittent generation and producers can be asked to stop producing
during the surplus production hours. Recently, in the Netherlands,
residential households have been paid to switch off PV production.
One-third of households have solar PV installations simultaneously
generating power, which cannibalizes the energy market and stresses
the grid [43].

Fourth, there is a significant disparity in development and infras-
tructure support between different areas. Installing new wind power
capacity in eastern Finland could create opportunities and provide
essential local support, which is vital for fostering a sustainable future.
Moreover, the strategic distribution of infrastructure and power gen-
eration across different regions, particularly in eastern Finland, offers
substantial socioeconomic benefits. Expanding infrastructure in these
areas could generate employment opportunities and attract new indus-
tries, leveraging the availability of power and improved infrastructure.
Additionally, the eastern region, with its point sources of biogenic
CO, from pulp and paper mills, could serve as a robust foundation
for e-fuels production, further advancing regional development. These
considerations emphasize the broader impacts of renewable energy
deployment beyond merely increasing energy capacity, highlighting the
importance of a balanced and regionally inclusive approach to energy
infrastructure development.

Fifth, communication between investors, policy makers and power
system operators plays a key role in building a healthy power system,
while benefiting society. If wind power installations only continue
along the west coast, grid bottlenecks between the west coast and the
south will only become more severe, together with increased price
volatility. From the perspective of the power system operator, this
means more investments in battery energy storage systems and grid
reinforcements, which are costly and time consuming. The costs are
recuperated through increased distribution costs to the consumer, while
still experiencing increased price volatility. The policy maker’s role
should be to incentivize wind power installations away from the current
epicenter. Not only would this make the power system more resilient
while providing opportunities where the new installations are built, but
it would also reduce the need for additional grid reinforcements on the
west coast making best use of the already existing infrastructure, while
also reducing price volatility. In the short-term, the addition of indi-
vidual wind farms is unlikely to overwhelm, however, without proper
planning, communication and incentives, price volatility, increased
distribution costs, and regional inequality can become a significant
problem.

Last but not least, the proximity of the grid plays a major role in
determining the profitability and expected return on investment. For
example, in the north, due to potentially significant distances to the
nearest grid connection point, it may not be economically feasible to
build a new farm. A further study is planned to include geospatial
data of the landscape and open data on available building areas to
evaluate the costs of connecting to the grid. By combining detailed grid
connection cost data with information on areas where new wind farms
can be built, and considering electricity market effects, individual sites
can be ranked according to different key performance indicators. This
is further discussed in Section 4.2.
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4.1. Limitations

Although this paper provides valuable insights, it has some lim-
itations that should be analyzed. Firstly, this paper does not take
into account the present grid infrastructure, which plays a critical
role in the deployment and efficiency of renewable energy projects.
Currently, a significant number of wind farms are concentrated on the
west coast of Finland, largely due to the presence of well-established
grid infrastructure and good wind resource conditions. In contrast, the
grid infrastructure in the eastern and northern regions of Finland is
less developed, limiting the feasibility of large-scale renewable energy
projects in these areas. Consequently, the acceptance of energy losses
due to cannibalization may be a pragmatic approach, as it circumvents
the need for substantial investment in new grid infrastructure.

One potential future approach arising from this paper is to explore
the integration of grid infrastructure into the analysis to provide a more
comprehensive assessment of renewable energy deployment. Sector
integration and coupling can help reduce price fluctuations and can be
adopted throughout Finland. Electric boilers for district heating systems
can be operated based on day-ahead price, which also offers additional
stability in the grid and makes use of low-price hours. Large-scale e-
hydrogen production near the sites of generation can act as a flexible
electrical load and can further help in the adoption of renewable power.
Large-scale electrolyzers have great potential in helping the power
balance of the grid due to being able to dynamically operate the plant
according to energy availability. Being located near the sites of power
generation reduces the stress on the grid as the plants could be even
in the GW scale, further supporting the adoption of renewable energy
sources of power. Additionally, the potential of battery energy storage
systems (BESS) as a solution to grid bottlenecks is also recognized.
A BESS could mitigate these constraints by enabling energy storage
during periods of low demand and allowing energy trading during peak
hours, thereby optimizing grid efficiency. This approach represents a
possible brute-force solution to current grid limitations.

Secondly, it is important to note that this study does not delve into
the specifics of individual turbine placement or wind farm layouts, as
these factors require separate, detailed analysis. The choice of turbine
type, especially those designed to withstand gusty conditions, is partic-
ularly relevant for coastal regions and should be investigated in further
studies. In this paper, the focus is on onshore wind power; however, the
results from offshore sites around the Finnish coastline are relevant but
only direction-giving and should not be directly compared to onshore
sites. Offshore installations tend to be much larger in size and also
come with much higher investment costs. A separate study should be
made to include investment costs between onshore and offshore sites
and compare them to the resulting effects on the day-ahead markets.

This paper employs an area price formulation based on the integra-
tion of additional wind power installations within Finland, under the
assumption that the generated wind power is primarily traded on the
day-ahead market. While it is typically crucial to consider electricity
trading across day-ahead, intraday, and reserve markets to maximize
revenue [44], this paper deliberately limits its scope. The primary
objective is to emphasize the disparity in wind power installations
between eastern and western Finland and to underscore the potential
benefits of increasing wind power capacity in eastern Finland. Conse-
quently, detailed algorithms and strategies for revenue maximization
from the perspective of wind power operators have not been addressed
in this study.

While the power estimates have their inherent biases, the results
would not change drastically due to the strong dependence on the
local wind speeds. For example, cannibalization rates may vary slightly;
however, the general trend would remain that additional installation of
new onshore wind power capacity on the west coast more aggressively
cannibalizes the day-ahead price than locations further from the current
installation epicenter.
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Fig. 16. Installed wind power capacity in Finland in the year 2023 [45].

The rate of installation of new onshore wind power capacity in
Finland is one of the highest in the world, despite its relatively low
population, adding 4% of global new wind capacity annually [4]. Dur-
ing 2023 alone, many new wind farms were built, and they contributed
to the day-ahead markets unevenly at the start and end of the year, as
seen in Fig. 16 [45]. The rate at which the situation can change is rapid;
however, the importance of co-planning new sites does not reduce with
time. On the contrary, it becomes even more important.

In this paper, analyses were limited to a single price area (i.e., the
Finnish price area), due to the availability of data. This means that
price formation was analyzed based on the bids in the Finnish price
area only. This ignores cross-border trading, which would alleviate
the volatility impact on the price. However, Finland is a single price
area, which differs from similar-sized neighboring countries that have
four (Sweden) or even five (Norway) price areas. The impacts on
price volatility and cannibalization would have been higher if we had
analyzed only one price area in Sweden or Norway. Hence, although
cross-border trading was not included, Finland has a high amount
of intrazonal energy transmission, which would compensate for the
missing cross-border viewpoint.

Lastly, the use of the MCP in this paper is based on the functioning
of a deregulated market. However, since Finland is part of NordPool
and interconnected with other countries, the changes in the day-ahead
price may not exactly match the obtained results. Due to data avail-
ability and the complexities involved in formulating the MCP for all
interconnected countries, this study focuses solely on the dataset from
Finland.

4.2. Future work

Further topics of study are the inclusion of hybrid solar and wind
power plants to evaluate their revenue generation potential and how
well the different sources complement each other. Future work will also
include an analysis of a BESS and whether they can be effectively used
to combat the effect of cannibalization of electricity price effectively
through appropriate trading algorithms.

In addition, the effect of a large-scale electrolyzer on electricity
markets will be studied. How should an electrolyzer be operated to
provide the best support to the grid and electricity prices?

Further study is planned to investigate whether it is more costly to
invest in new grid infrastructure to include new additional capacity,
or to simply accept additional losses caused by cannibalization at the
benefit of being able to utilize the already existing infrastructure.
The research is performed at higher resolution with the inclusion of
different building area restrictions and buffer zones, such as urban and
military areas, natural parks, and airports. Additionally, it will take
in to account detailed costs of: building the farm, grid connections,
power lines and transformers, which have been cost optimized using
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data from the existing grid and geospatial data of the landscape to
offer the least cost option to connect. While keeping in mind day-ahead
market effects, the sites could as a result be ranked according to various
key performance indicators.

5. Conclusion

This study presents a novel and globally adaptable approach to eval-
uating the impacts of wind power generation on electricity markets. By
integrating an hourly regional weather-based wind power simulation,
based on ERA5, with day-ahead market analysis of bid curves from
NordPool, this research provides critical insights into the dynamics
of renewable energy integration. The findings emphasize the need for
proactive energy planning to optimize both economic gain and societal
energy savings, particularly by prioritizing regions with high revenue.
While cannibalization poses challenges to revenue, strategic invest-
ment in new wind farms remains beneficial, with potential mitigation
through carbon pricing or alternative revenue streams. Additionally,
the study underscores the importance of addressing regional disparities,
where wind power development could drive socioeconomic growth and
enhance infrastructure. This balanced, regionally inclusive approach is
crucial for fostering sustainable energy systems and equitable devel-
opment. The effect of cannibalization of the day-ahead market price
from adding marginal wind power capacity in high-capacity areas was
quantified. From the results of the applied methodology, it was found
that it could reduce revenue by 9 €/MWh in Finland. Additionally,
installing new wind power capacity could also reduce electricity price
by on average 1.1-1.4 €/MWh over the whole year for the whole
market. In conclusion, this research offers valuable insights for opti-
mizing wind power integration, providing a framework that is globally
applicable and can be adapted to other contexts and guiding future
energy infrastructure development.

CRediT authorship contribution statement

Markus Salmelin: Writing — review & editing, Writing — original
draft, Methodology, Formal analysis, Data curation, Conceptualization.
Araavind Sridhar: Writing - review & editing, Writing — original
draft, Software, Methodology, Formal analysis, Data curation. Hannu
Karjunen: Supervision, Methodology, Funding acquisition, Conceptu-
alization. Samuli Honkapuro: Writing — review & editing, Supervi-
sion, Methodology, Funding acquisition, Conceptualization. Jukka Las-
sila: Writing — review & editing, Supervision, Methodology, Funding
acquisition, Conceptualization.

Declaration of competing interest

The authors declare the following financial interests/personal rela-
tionships which may be considered as potential competing interests:
Markus Salmelin reports financial support was provided by Business
Finland. Markus Salmelin reports financial support was provided by
Research Council of Finland. If there are other authors, they declare
that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported
in this paper.

Acknowledgments

The authors gratefully acknowledge the public financing of Business
Finland through the “Hydrogen and Carbon Value Chains in Green Elec-
trification (Hygcel)” project (1544/31/2021), and Strategic Research
Council within the Research Council of Finland ‘JustH2Transit’ project
(decision 358422, LUT 358961). The authors would like to thank Dr.
Hanna Niemel4 for editing the language of the paper.

13

Renewable Energy 256 (2026) 124479

References
[1] UNFCCC, The Paris Agreement, International treaty on climate change, 2015.
[2] LR.E.A. IRENA, Renewable power generation costs in 2020, eBook Partnership,
2022.
[3] M.C. Peel, B.L. Finlayson, T.A. McMahon, Updated world map of
the koppen-geiger climate classification, Hydrol. Earth Syst. Sci. 11
(5) (2007) 1633-1644, http://dx.doi.org/10.5194/hess-11-1633-2007,

https://hess.copernicus.org/articles/11/1633/2007/.

Global Wind Energy Council (GWEC), Global wind report 2023, 2023, https://
gwec.net/wp-content/uploads/2023/03/GWR-2023 _interactive.pdf. (Accessed 16
August 2024).

Fingrid, Main grid development plan 2024-2033, 2023, https://www.fingrid.fi/
en/grid/development/development-plan/.

Finnish Wind Power Association, Operating and dismantled wind turbines,
2024, https://tuulivoimayhdistys.fi/en/wind-power-in-finland /wind-power-in-
production-and-dismantled. (Accessed 21 August 2024).

M. Salmelin, H. Karjunen, J. Lassila, Effect of temperature on wind power
estimate in nordic climates, IET Renew. Power Gener. (2024) http://dx.doi.org/
10.1049/rpg2.13110, (Accepted 9 2024).

H. Holttinen, Hourly wind power variations in the nordic countries, Wind.
Energy: An Int. J. Prog. Applications Wind. Power Convers. Technol. 8 (2) (2005)
173-195.

J. Mursu, Itd-Suomen tuulivoima energiajérjestelméssd, LUT-University, 2023,
https://urn.fi/URN:NBN:fi-fe2023052447444. (in Finnish).

H. Hersbach, B. Bell, P. Berrisford, S. Hirahara, A. Horanyi, J. Mufioz-Sabater,
J. Nicolas, C. Peubey, R. Radu, D. Schepers, et al., The ERA5 global reanalysis,
Q. J. R. Meteorol. Soc. 146 (730) (2020) 1999-2049.

J.L. Prol, K.W. Steininger, D. Zilberman, The cannibalization effect of wind and
solar in the california wholesale electricity market, Energy Econ. 85 (2020)
104552.

Fingrid, News article / tasapainoa ja siirtokykyd,
2024, (in Finnish). https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-
ja-siirtokykya/. (Accessed 5 September 2024).

Finnish Defence Forces, Guidelines for observing the defence forces’ activi-
ties in wind power building, 2024, https://puolustusvoimat.fi/en/wind-farm-
consultation-process. (Accessed 21 August 2024).

G. Glenk, S. Reichelstein, The economic dynamics of competing power generation
sources, Renew. Sustain. Energy Rev. 168 (2022) 112758.

M. Liebensteiner, F. Naumann, Can carbon pricing counteract renewable energies’
cannibalization problem? Energy Econ. 115 (2022) 106345.

J.L. Prol, D. Zilberman, No alarms and no surprises: Dynamics of renewable
energy curtailment in california, Energy Econ. 126 (2023) 106974.

B.A. Ajanaku, A.R. Collins, Does it matter when the wind blows? Differential
impacts of wind generation on the PJM wholesale electricity market, Electr. J.
36 (6) (2023) 107303.

L. Reichenberg, T. Ekholm, T. Boomsma, Revenue and risk of variable renewable
electricity investment: The cannibalization effect under high market penetration,
Energy 284 (2023) 128419.

N. Riaz, S. Repo, Comparative analysis of revenue generation from different
photovoltaic panel orientations in wholesale electricity markets, in: 2024 20th
International Conference on the European Energy Market, EEM, IEEE, 2024, pp.
1-7.

X. Zhang, Q. Wang, S. Ye, K. Luo, J. Fan, Efficient layout optimization of offshore
wind farm based on load surrogate model and genetic algorithm, Energy 309
(2024) 133106.

H. Sun, X. Gao, H. Yang, A review of full-scale wind-field measurements of
the wind-turbine wake effect and a measurement of the wake-interaction effect,
Renew. Sustain. Energy Rev. 132 (2020) 110042.

K. Zhou, N. Cherukuru, X. Sun, R. Calhoun, Wind gust detection and impact
prediction for wind turbines, Remote. Sens. 10 (4) (2018) 514.

Nordpool, Day ahead prices, 2024, https://www.nordpoolgroup.com/en/
market-datal2/Dayahead/Area-Prices/FI/Hourly/?view=table. (Accessed 21 Au-
gust 2024).

Fingrid, Countertrade, 2024, https://www.fingrid.fi/en/electricity-market/
market-integration/tilastoja-sahkomarkkinoiden-yhtenaisyydesta/countertrade/.
(Accessed 4 June 2025).

European Union Agency for the Cooperation of Energy Regulators, Redispatching
and countertrading, 2024, https://www.acer.europa.eu/electricity/market-
rules/capacity-allocation-and-congestion-management/redispatching-and-
countertrading. (Accessed 4 June 2025).

Wind Turbine Models, Enercon E-160 EP5 E3 datasheet, 2024, https://en.wind-
turbine-models.com/turbines/2309-enercon-e-160-ep5-e3. (Accessed 21 August
2024).

J. Olauson, ERAS5: The new champion of wind power modelling? Renew. Energy
126 (2018) 322-331.

M.O. Molina, C. Gutiérrez, E. Sanchez, Comparison of ERA5 surface wind speed
climatologies over europe with observations from the hadisd dataset, Int. J.
Climatol. 41 (10) (2021) 4864-4878.

[4

[5

[6]

[71

[8]

[91]

[10]

[11]

tuulivoima tarvitsee

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]


http://refhub.elsevier.com/S0960-1481(25)02143-3/sb1
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb2
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb2
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb2
http://dx.doi.org/10.5194/hess-11-1633-2007
https://hess.copernicus.org/articles/11/1633/2007/
https://gwec.net/wp-content/uploads/2023/03/GWR-2023_interactive.pdf
https://gwec.net/wp-content/uploads/2023/03/GWR-2023_interactive.pdf
https://gwec.net/wp-content/uploads/2023/03/GWR-2023_interactive.pdf
https://www.fingrid.fi/en/grid/development/development-plan/
https://www.fingrid.fi/en/grid/development/development-plan/
https://www.fingrid.fi/en/grid/development/development-plan/
https://tuulivoimayhdistys.fi/en/wind-power-in-finland/wind-power-in-production-and-dismantled
https://tuulivoimayhdistys.fi/en/wind-power-in-finland/wind-power-in-production-and-dismantled
https://tuulivoimayhdistys.fi/en/wind-power-in-finland/wind-power-in-production-and-dismantled
http://dx.doi.org/10.1049/rpg2.13110
http://dx.doi.org/10.1049/rpg2.13110
http://dx.doi.org/10.1049/rpg2.13110
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb8
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb8
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb8
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb8
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb8
https://urn.fi/URN:NBN:fi-fe2023052447444
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb10
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb10
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb10
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb10
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb10
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb11
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb11
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb11
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb11
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb11
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://puolustusvoimat.fi/en/wind-farm-consultation-process
https://puolustusvoimat.fi/en/wind-farm-consultation-process
https://puolustusvoimat.fi/en/wind-farm-consultation-process
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb14
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb14
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb14
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb15
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb15
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb15
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb16
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb16
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb16
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb17
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb17
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb17
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb17
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb17
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb18
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb18
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb18
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb18
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb18
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb19
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb20
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb20
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb20
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb20
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb20
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb21
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb21
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb21
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb21
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb21
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb22
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb22
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb22
https://www.nordpoolgroup.com/en/market-data12/Dayahead/Area-Prices/FI/Hourly/?view=table
https://www.nordpoolgroup.com/en/market-data12/Dayahead/Area-Prices/FI/Hourly/?view=table
https://www.nordpoolgroup.com/en/market-data12/Dayahead/Area-Prices/FI/Hourly/?view=table
https://www.fingrid.fi/en/electricity-market/market-integration/tilastoja-sahkomarkkinoiden-yhtenaisyydesta/countertrade/
https://www.fingrid.fi/en/electricity-market/market-integration/tilastoja-sahkomarkkinoiden-yhtenaisyydesta/countertrade/
https://www.fingrid.fi/en/electricity-market/market-integration/tilastoja-sahkomarkkinoiden-yhtenaisyydesta/countertrade/
https://www.acer.europa.eu/electricity/market-rules/capacity-allocation-and-congestion-management/redispatching-and-countertrading
https://www.acer.europa.eu/electricity/market-rules/capacity-allocation-and-congestion-management/redispatching-and-countertrading
https://www.acer.europa.eu/electricity/market-rules/capacity-allocation-and-congestion-management/redispatching-and-countertrading
https://www.acer.europa.eu/electricity/market-rules/capacity-allocation-and-congestion-management/redispatching-and-countertrading
https://www.acer.europa.eu/electricity/market-rules/capacity-allocation-and-congestion-management/redispatching-and-countertrading
https://en.wind-turbine-models.com/turbines/2309-enercon-e-160-ep5-e3
https://en.wind-turbine-models.com/turbines/2309-enercon-e-160-ep5-e3
https://en.wind-turbine-models.com/turbines/2309-enercon-e-160-ep5-e3
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb27
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb27
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb27
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb28
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb28
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb28
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb28
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb28

M. Salmelin et al.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

B. Jourdier, Evaluation of ERA5, MERRA-2, COSMO-REA6, NEWA and AROME
to simulate wind power production over France, Adv. Sci. Res. 17 (2020) 63-77.
C. Hallgren, J. Arngvist, S. Ivanell, H. Kornich, V. Vakkari, E. Sahlée, Looking
for an offshore low-level jet champion among recent reanalyses: a tight race over
the baltic sea, Energies 13 (14) (2020) 3670.

Nord pool overview, 2024, https://www.nordpoolgroup.com. (Accessed 14
August 2024).

Nord Pool, Day-ahead aggregated bidding curves, 2024,
//www.nordpoolgroup.com/en/services/power-market-data-services/
aggregatedbiddingcurves/. (Accessed 5 December 2024).

R. Satymov, D. Bogdanov, C. Breyer, Global-local analysis of cost-optimal onshore
wind turbine configurations considering wind classes and hub heights, Energy
256 (2022) 124629.

S. Haas, U. Krien, B. Schachler, S. Bot, kyri-petrou, V. Zeli, K. Shivam,
S. Bosch, Wind-python/windpowerlib: Silent improvements (v0.2.1). Zenodo,
2024, http://dx.doi.org/10.5281/zenodo.4591809, https://zenodo.org/records/
4591809. (Accessed 21 August 2024).

M. Salmelin, A. Sridhar, H. Karjunen, S. Honkapuro, J. Lassila, Effect of wind
turbine selection in newly built wind farms in decentralized electricity markets,
in: 2025 21st International Conference on the European Energy Market, EEM,
IEEE, 2025, pp. 1-9.

VTT, Wind energy statistics in Finland 2014, 2014, https://suomenuusiutuvat.
fi/media/vtt_wind_energy_statistics_year_report 2014 _public-1.pdf. (Accessed 19
June 2025).

https:

14

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Renewable Energy 256 (2026) 124479

N.N. Davis, J. Badger, A.N. Hahmann, B.O. Hansen, N.G. Mortensen, M. Kelly,
X.G. Larsén, B.T. Olsen, R. Floors, G. Lizcano, et al., The global wind atlas: A
high-resolution dataset of climatologies and associated web-based application,
Bull. Am. Meteorol. Soc. 104 (8) (2023) E1507-E1525.

Fingrid, Wind power requires balancing and transmission capacity, 2024, https://
www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/. (Accessed 21
August 2024).

Statistics Finland, Supplies and total consumption of electricity, 1960-2024,
2024, https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin_ehk/statfin_ehk_
pxt_12sv.px. (Accessed 19 June 2025).

Nord Pool, Day-ahead aggregated bidding curves, 2024, https://www.
nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-
data/. (Accessed 5 December 2024).

F. Lapin Liitto, Report / lapin tuulivoimaselvitys 2022, 2024, (in Finnish). https:
//www.lapinliitto.fi/aluesuunnittelu/lapin-tuulivoimaselvitys-2022-hanke/. (Ac-
cessed 13 September 2024).

S. Singh, S. Singh, Advancements and challenges in integrating renewable energy
sources into distribution grid systems: A comprehensive review, J. Energy Resour.
Technol. 146 (9) (2024).

DutchNews, News article / zeeland home owners are being paid to turn off
solar panels, 2024, https://www.dutchnews.nl/2024/08/zeeland-home-owners-
are-being-paid-to-turn-off-solar-panels/. (Accessed 5 September 2024).

J. Liang, S. Grijalva, R.G. Harley, Increased wind revenue and system security
by trading wind power in energy and regulation reserve markets, IEEE Trans.
Sustain. Energy 2 (3) (2011) 340-347.

Fingrid, Datasets / total production capacity used in the wind power forecast,
2024, https://data.fingrid.fi/en/datasets/268. (Accessed 21 August 2024).


http://refhub.elsevier.com/S0960-1481(25)02143-3/sb29
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb29
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb29
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb30
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb30
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb30
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb30
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb30
https://www.nordpoolgroup.com
https://www.nordpoolgroup.com/en/services/power-market-data-services/aggregatedbiddingcurves/
https://www.nordpoolgroup.com/en/services/power-market-data-services/aggregatedbiddingcurves/
https://www.nordpoolgroup.com/en/services/power-market-data-services/aggregatedbiddingcurves/
https://www.nordpoolgroup.com/en/services/power-market-data-services/aggregatedbiddingcurves/
https://www.nordpoolgroup.com/en/services/power-market-data-services/aggregatedbiddingcurves/
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb33
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb33
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb33
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb33
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb33
http://dx.doi.org/10.5281/zenodo.4591809
https://zenodo.org/records/4591809
https://zenodo.org/records/4591809
https://zenodo.org/records/4591809
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb35
https://suomenuusiutuvat.fi/media/vtt_wind_energy_statistics_year_report_2014_public-1.pdf
https://suomenuusiutuvat.fi/media/vtt_wind_energy_statistics_year_report_2014_public-1.pdf
https://suomenuusiutuvat.fi/media/vtt_wind_energy_statistics_year_report_2014_public-1.pdf
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb37
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://www.fingridlehti.fi/tuulivoima-tarvitsee-tasapainoa-ja-siirtokykya/
https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin__ehk/statfin_ehk_pxt_12sv.px
https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin__ehk/statfin_ehk_pxt_12sv.px
https://pxdata.stat.fi/PxWeb/pxweb/en/StatFin/StatFin__ehk/statfin_ehk_pxt_12sv.px
https://www.nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-data/
https://www.nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-data/
https://www.nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-data/
https://www.nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-data/
https://www.nordpoolgroup.com/en/services/power-market-data-services/day-ahead-market-data/
https://www.lapinliitto.fi/aluesuunnittelu/lapin-tuulivoimaselvitys-2022-hanke/
https://www.lapinliitto.fi/aluesuunnittelu/lapin-tuulivoimaselvitys-2022-hanke/
https://www.lapinliitto.fi/aluesuunnittelu/lapin-tuulivoimaselvitys-2022-hanke/
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb42
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb42
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb42
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb42
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb42
https://www.dutchnews.nl/2024/08/zeeland-home-owners-are-being-paid-to-turn-off-solar-panels/
https://www.dutchnews.nl/2024/08/zeeland-home-owners-are-being-paid-to-turn-off-solar-panels/
https://www.dutchnews.nl/2024/08/zeeland-home-owners-are-being-paid-to-turn-off-solar-panels/
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb44
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb44
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb44
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb44
http://refhub.elsevier.com/S0960-1481(25)02143-3/sb44
https://data.fingrid.fi/en/datasets/268

	Optimizing wind farm locations for revenue and reduced electricity costs in deregulated electricity markets
	Introduction
	Aims of the paper
	Contribution

	Methodology
	Data
	ERA5 weather data
	NordPool market data

	Generating wind power profiles
	Wind conditions
	 Algorithm to analyze market data
	Objective function
	Constraints
	Dual problem
	Market clearing algorithm
	Implementation


	Results
	Maximizing electricity cost reduction for society
	Maximizing revenue for investors
	Effect of cannibalization on revenue
	Distribution of periods of revenue

	Discussion
	Limitations
	Future work

	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


