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ARTICLE INFO ABSTRACT

Keywords: The global share of renewable energy sources in the electricity mix has increased substantially, with the
Renewable energy integration rate of installation continuing to accelerate. Geographical diversification of renewable generation can lead
Day-ahead markets to a more balanced generation profile, thereby contributing to price stability despite the intermittent nature

Temporal coherence
Electricity pricing
Market cannibalization

of supply. The issue of revenue cannibalization among renewable energy sources has become increasingly
relevant with centralized renewable power generation. The proposed methodology examines the impact of
incremental addition of solar photovoltaic capacity, with power profiles modeled based on ERA5 weather data,
on present day-ahead electricity markets. This is achieved by the manipulation of day-ahead bid curves from
NordPool to establish a new day-ahead market price caused by the addition of 100 MW, of solar photovoltaic
capacity at different geographical locations. The findings indicate that the regions most effective in reducing
electricity prices are not necessarily those with the highest energy production; rather, the temporal coherence
of generation with bulk renewable output plays a crucial role in determining market effects, especially in the
Nordic countries with significant seasonal variations. Electricity cost reductions of 18 M€/a were observed
with the highest price cannibalization rates of 13 €/MWh. The results highlight the importance of considering
generation patterns, not only capacity, when assessing the impact of renewable energy integration.

1. Introduction . .
As investments into renewable power sources grow, the need for

system-level planning increases. The “lowest-hanging fruits” in terms
of location should be prioritized; however, how these are defined may
vary. For instance, a site can be best in terms of land use, grid connec-
tion availability, proximity to load points, a lower overall stress on the
grid, generation potential, or generation-demand profile coherence. All
of these factors have associated costs or potential for savings.

One way to examine the benefit or cost of new renewable power
generation capacity is through the proxy of the day-ahead electricity
market. If the electricity price is low, it is likely that there is an
abundance of renewable power available in the grid, and vice versa.
By adding simulated power generation from different geographical
locations to the supply bid of the day-ahead market, a new market
clearing price (MCP) can be evaluated. The monthly day-ahead market
prices and their variance for the year 2023 are illustrated in Fig. 1.

The hypothesis is that due to different areas having different gener-
ation profiles and susceptibility to clouds and snow, some areas should
stand out and help stabilize electricity prices more than others. The

The European Union (EU) has set goals to decarbonize national
energy systems by 2050 with initiatives such as RePowerEU [1]. The
goals are in line with the Paris Agreement [2], in which it is outlined
that global warming should be kept below +2 °C. Furthermore, Finland
has an accelerated target of being climate-neutral by 2035 [3]. This
can be primarily achieved through the adoption of renewable sources
of energy and the direct electrification of other energy sectors.

Wind and solar power are the two main renewable energy sources
that have experienced substantial global growth. Some regions, such
as the Nordic countries, may not rely on solar photovoltaics (PV) as
their main source of renewable power due to seasonal changes in
power availability. Nevertheless, due to its low cost and complemen-
tary generation profile, solar power can support wind power (Sec-
tion 6.1). Generally, a renewable-energy-based system is prone to
power generation intermittency. Thus, it is important to diversify the
electricity mix, either through geographical dispersal or technological
diversification [4,5].
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Nomenclature
AOI Angle of Incidence
AS After solar
BESS Battery Energy Storage System
BHI Beam Horizontal Irradiance
BS Before solar
DC Direct Current
DHI Diffuse Horizontal Irradiance
DNI Direct Normal Irradiance
DSO Distribution System Operator
ECMWF European Centre for Medium-Range
Weather Forecasts
EU European Union
E East
FLH Full Load Hours
GHI Global Horizontal Irradiance
LCOE Levelized Cost of Electricity
LMP Locational Marginal Pricing
LPM Levelized Profit Margins
LROE Levelized Revenue of Electricity
MCP Market Clearing Price
N North
POA Plane of Array
PVPMC PVPerformance Modelling Collaborative
PV Photovoltaic
SCED Security-Constrained Economic Dispatch
SSRD Surface Solar Radiation Downwards
TSO Transmission System Operator
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Fig. 1. Day-ahead price variation in Finland in 2023 [6]. The center red line in the
boxes 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. The red crosses indicate outliers in the data. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

southwestern areas could have more opportunities to provide electricity
when the day-ahead market prices are higher in the winter months.
As most of the daylight hours of the northern areas are during the
summer months when the day-ahead prices are relatively low, they
could have less benefit. Hence, the aim of the study is to quantify
the market impact of different regions and identify the areas with the
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greatest potential benefit in the day-ahead, especially since the Finnish
day-ahead market is growing at a fast pace. In 2023, the demand for
electricity in the day-ahead market was 58 TWh, with 31% of retail
contracts being day-ahead (spot) contracts, up from 14% in 2022 [7].

1.1. Objectives of the paper

The objective of the paper is to develop a method for studying
day-ahead market effects of new solar PV farm installations while
quantifying cannibalization, revenue and societal benefit. A further
objective is to identify areas that are less prone to cannibalization and
promote areas where a high level of revenue can be obtained while
providing reduced electricity prices for society.

To that end, the paper seeks to answer the following research
questions:

» What is the effect of additional solar power capacity on day-ahead
prices?

» How could dispersed solar PV generation lead to reduced electric-
ity costs for consumers?

» How does revenue differ based on location?

» Which areas show signs of price cannibalization from additional
solar generation capacity? And, to what extent?

1.2. Scientific contribution

The scientific contribution of this paper lies in the methodology
applied to analyze the benefit of new solar PV farm installations
spread over a large geographical area with high temporal and spatial
resolution. The study takes into account the effect of snow on solar PV
power generation, which significantly affects solar power generation
under Nordic weather conditions. The results provide insights into
the electricity market and allow for better energy system planning
and reduction of day-ahead market prices, thus providing welfare for
consumers while maintaining revenue levels to drive investments.

Overall, price cannibalization is a known phenomenon studied in
literature. However, no other works have been identified where spa-
tially explicit methods were utilized to study cannibalization effects on
the scale of a large price area or country.

2. Literature review

Cannibalization of the day-ahead electricity market price is a phe-
nomenon in which a large amount of overlapping renewable power
generation leads to a downward pressure on the day-ahead market
price due to the oversupply of power [8]. The reduction in day-ahead
market prices leads to a reduced revenue for a producer, which could
disincentivize investments.

Existing cannibalization studies are based on regions or countries
with a high solar power generation potential [8-11], such as California
or Spain. Prol et al. [8] studied the cannibalization effect of both wind
and solar power in the Californian wholesale markets. They concluded
that increasing solar and wind penetration in the power system under-
mines their unit revenues, more so at high solar and wind penetration
and low consumption levels. In addition, Prol et al. [11] studied the dy-
namics of renewable energy curtailment in California. They found that
Variable Renewable Energy (VRE) curtailment increases exponentially
at lower levels of load.

Glenk et al. [9] introduced the concept of Levelized Profit Margins
(LPM), defined as the difference between Levelized Revenue of Elec-
tricity (LROE) and Levelized Cost of Electricity (LCOE). The study was
conducted for California and Texas, and it was found that the cost
of solar panels decreases at a faster rate than the losses due to the
increase in cannibalization in California. It is important to note that the
study was based on 2019 data, and since then, a significant change has
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occurred in the power system with a surge in solar panel installations
and different Battery Energy Storage Systems (BESS).

A cannibalization study combining all renewable sources in the
Baltic countries was conducted by Kozlovas et al. [12], showing that the
increase in renewable energy sources will halve the electricity prices.
They estimated that electricity price reductions of 5.5-17 €/MWh
could be reached in Lithuania by 2033.

As for wind power, price cannibalization has been identified in [5,
13-15]. However, it is not within the scope of this paper, but can
support a system-wide perspective and promote discourse on the topic
of electricity price cannibalization.

One way to reduce the cannibalization effect is to shift and
smoothen solar PV production peaks over the daylight hours. Riaz
et al. [16] varied the panel azimuth and tilt to influence the timing
of peak generation in Finland. An east-facing panel array was found
to capture more of the morning sun than a west-facing array, which
targets the evening rays, which could be a point of further study and
collaboration in future research. Integration of large-scale vertical bi-
facial solar PV in Europe was discussed by Szabo et al. [17]. They
proposed the use of vertical bi-facial solar PV to improve the distri-
bution of power generation to better meet the morning and evening
demand.

Regulations and policies play a crucial role in the adoption of solar
PV as well as the mitigation or exacerbation of the cannibalization
effect. In the Netherlands, net metering, scheduled to end in 2027,
has significantly incentivized solar power uptake [18], which has led
to approximately 500 negative price hours in 2024 [19]. Due to the
periodic oversupply, solar PV installations have been forced to be
switched off [20]. A new fee has been introduced for prosumers for
the surplus energy fed into the grid [21,22].

A literature review regarding merit order and cannibalization was
conducted by Johanndeiter et al. [23]. They showed that in the Spanish
markets, many solar producers generate power at a non-zero marginal
cost due to participating in arbitrage in different markets, as canni-
balization of a specific market can eat away the required revenue for
economic operation.

The present paper examines the cannibalization effect of solar
power within a highly centralized, wind-power-dominated electricity
system. Unlike solar-dominated systems, such as those in California
or Spain, where the peak electricity demand typically coincides with
the peak solar generation and elevated cooling loads, this system
experiences peak demand during periods when solar generation is
minimal or nonexistent.

3. Background

This section briefly describes the case study region, Finland, used
to demonstrate the developed methodology. The current state of the
power system and the energy mix are discussed in Section 3.1. The solar
resources are discussed in Section 3.2.

3.1. Finnish power system

In 2023, wind power covered 14% of the total energy demand,
while solar PV covered <1%. These numbers have grown to 23.9%
and 1.5%, respectively in 2025. The intermittency of renewable sources
of power can already be seen in the day-ahead market, as discussed
in Salmelin et al. [13]. The incredibly fast rate of the adoption of
especially onshore wind power can clearly be observed in the energy
share.

Currently, a large proportion of wind power is highly centralized on
the west coast of Finland [24]. The eastern parts of the country have not
experienced as much development due to the military constraints from
the Finnish Defence Forces [25]. As a result, the eastern parts of Finland
have a significant opportunity to connect large-scale solar farms to the
already present grid infrastructure. The largest planned solar farm in
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Fig. 2. Peak capacity of installed solar farms >1 MW, in 2024 [29]. In addition, there
are three reference locations: northern, central, and southern, which are discussed in
later sections of the paper.

Finland to date [26], reaching 250 MW, of generation, is planned at a
single site in the southeastern region. Using data aggregated from the
distribution system operators (DSO), small-scale rooftop installations
are most common in urban areas, with the southwestern parts of the
country having the highest installed capacity in addition to the capital
city in the south [27]. The share of rooftop solar PV accounted for
75%—-80% of all solar PV generation in 2023 [28].

The analysis of the results is carried out in the context of wind
power dominance in the renewable energy mix in the grid, and thus,
wind power is able to influence the day-ahead market prices due to the
difference in installed generation capacities.

Solar PV installations are often found on rooftops or as larger-scale
commercial or industrial installations. In 2024, 1 GW, of installed solar
capacity was reached with 24 sites of over 1 MW, and under 5 MW,
with two outliers of 10 MW, and 32 MW, sites being operational.
The rest of the installed capacity consists of smaller-scale installa-
tions mainly scattered around population centers; however, covering
75%-80% of all solar PV energy [28]. The installation sites of the
>1 MW, farms are illustrated in Fig. 2.

The geographical site where the large-scale solar farms are installed
will have an effect on day-ahead prices. Different areas will have vary-
ing levels of cloud coverage, snow, and most importantly, irradiation.
The solar conditions are discussed further in Section 3.2.

3.2. Solar conditions

In the Nordic countries, solar PV cannot be the main source of elec-
tricity due to significant seasonal variations in solar power availability
as seen in Fig. 3. The average capacity factor for the sample location is
low and practically nonexistent from November to March.

Nevertheless, solar PV has been identified as a viable source of
electricity, as seen in the growth trend reported by Fingrid [30].
According to Fingrid, there have been connection inquiries for over
400 GW of renewable generation capacity [30]. Fingrid estimates that
over 55 GW of renewable power will be connected to the grid by 2035.
By 2030, 9 GW,, of solar PV capacity is expected [30] to be connected to
the grid. For reference, the current winter peak demand of electricity
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Fig. 3. Sample solar power capacity factor from the northern reference location in
2023. Because of the low general irradiance, note the corresponding scale of the
capacity factor.

for Finland was expected to be around 14.4 GW in 2024 [31]. Wind
power experiences seasonal variations, and solar power can effectively
complement those variations well, as seen in Fig. 4.
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Fig. 4. Sample wind and solar power estimates for the year 2023 from a single sample
location in central Finland. Installed 100 units of wind and solar power for a total of
200 units of renewable power generation capacity. The specific location will influence
the level of complementarity; however, the seasonal support will still remain.

The solar conditions in Finland experience some of the largest
swings in the world. In winter, the polar night dominates and panels
may be covered in snow, leading to virtually no generation for often
months at a time. In the summer, the opposite is true: the days are long,
and sunshine hours are plentiful. Thus, the reliance on solar power is
very low; however, due to the low cost of solar PV, the installation rates
have been high, especially in homes and businesses. The low cost and
the outstanding ability to compensate for seasonal fluctuations in wind
power generation make solar power a viable option. The solar variance
is plotted in Fig. 5. In April, when the ground is usually still covered in
snow and the temperatures are low, the panels receive a great level of
direct and indirect irradiation through reflections from snow and ice.
In addition, due to the low temperatures, the efficiency of the panels
is improved. As a result, in some years, the full load hours (FLHs) in
April can be comparable with, if not even better than those in July.
Once the snow has melted and the average temperatures increase in
May, the FLHs decrease and peak again around July. In January and
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December, the days are short and often very cloudy, and thus, the FLHs
are practically nonexistent.
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Fig. 5. Seasonality of solar power in Finland from a sample location plotted against
the electricity demand in 2023.

The greatest FLHs are generally found in the southwest and along
coastlines; however, the situation may vary between years, as the snow
cover of the panels and cloudiness in a specific year can significantly
influence the FLHs. At higher latitudes, the solar irradiation is lower. As
the distance from the coast increases, the annual FLH levels generally
decrease. The FLHs for the whole country are shown in Fig. 6.
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Fig. 6. Full load hours (FLHs) of solar power in Finland in 2023 when considering
the effect of snow on solar panels.

4. Method and data

The methodology used in this paper is the same as that applied
by Salmelin et al. [13], where a similar study was performed for
wind power in Finland. The scientific value of this paper lies in the
interpretation of the results for new solar PV installations in a wind-
power-dominated system.

First, solar PV power generation profiles from south-facing arrays
at 45° tilt angle were generated using the methodology explained in
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Fig. 7. Summarized general process graph, where MCP stands for market clearing price.

Section 4.1. Such profiles have previously been used in [32,33]. South
facing arrays were chosen to maximize the annual yield and to isolate
the tendencies of local weathern patterns on power generation. The
additional power generation is then added to the supply bids from
NordPool [34] using the algorithm fully described in [13], but also
in Section 4.3, to obtain a new MCP. Lastly, the effects on day-ahead
market prices are analyzed. A summary of the method is presented in
Fig. 7.

The year 2023 was chosen so that the results would be comparable
with the previous study for wind power [13].

4.1. Solar model for solar power

The potential for solar PV power generation is evaluated using the
ERAS reanalysis dataset from the European Centre for Medium-Range
Weather Forecasts (ECMWF) [35]. Hourly meteorological variables,
such as temperature, wind speed components, surface pressure, and
surface solar radiation downward (SSRD), are available in the ERA5
dataset at a spatial resolution of 0.25°. The main input of the SSRD
is used to estimate PV power generation. It includes both direct and
diffuse solar radiation and is typically provided as Global Horizontal
Irradiance (GHI).

However, for accurate modeling of tilted PV panels, knowledge of
the beam (direct) and diffuse components of solar irradiance is re-
quired. The PVPerformance Modeling Collaborative (PVPMC) provides
an open-source tool for calculating Direct Normal Irradiance (DNI) and
the solar zenith and azimuth angles, which are used to calculate the
incident solar radiation [36]. The following formula is used to calculate
the Beam Horizontal Irradiance (BHI):

BHI = DNI x cos(6,) (€8]

where 6, represents the solar zenith angle. Diffuse Horizontal Irradi-
ance (DHI) is obtained from the Global Horizontal Irradiance (GHI) and
the BHI.

The Angle of Incidence (AOI), which significantly influences PV
reflection losses, is computed as:

AOI = arccos (cos(Gz) cos(f) + sin(8,) sin(f) cos(y, — y)) 2)

where § is the tilt angle, y, is the solar azimuth, and y is the PV array az-
imuth. The work used the Hay and Davies transposition model [37] and
also Klucher’s studies [38] to estimate the beam and diffuse plane of
array (POA) irradiances. The reflected irradiance on the plane of array
can be computed using the isotropic sky model, originally formulated
by Liu and Jordan [39], which considers ground-reflected radiation on
inclined surfaces. The ground albedo, showing the reflectivity of the
surface, is assumed to be an empirical constant of 0.2 for PV applica-
tions, based on studies such as Duffie and Beckman [40]. By calculating
the components, the total plane of array irradiance is calculated by
summing the beam, diffuse, and reflected irradiance components of the
plane of array.

The module temperature 7},,,4 needed for the power model is esti-
mated using an empirical model [41] that incorporates the ERA5 air
temperature and wind speed data:

Gpoa
Tmod = Tamb + ———208 3
mod = amb T G U W Simod @

where U, and U, are heat transfer coefficients, and WS4 is the
module-level wind speed.

The study uses the solar power model created by Huld et al. [42] to
estimate DC power output, which accounts for both temperature and
irradiance effects:

Py = G'eff - yrel(G'eff, T'mod) - Pgrc (@)

Furthermore, reflection losses are incorporated into the model using
the Martin and Ruiz approach [43].

4.2. NordPool electricity market data

NordPool, founded in 1993, is the primary power market in Europe,
facilitating wholesale electricity trade across various European coun-
tries. It serves as a trading platform for electricity producers, suppliers,
and major consumers in both day-ahead and intraday markets [44].

To assess the impact of additional solar PV power generation in
Finland, this study used supply and demand bid data specific to Finland
and the price area of Finland, sourced from NordPool for the year
2023 [34]. These bids were used to calculate the area price for Finland.
The process of determining the market clearing price based on these
bids is detailed in Section 4.3.

4.3. Algorithm for market analysis

This section presents an overview of the algorithm designed to
simulate the market clearing processes; the algorithm is commonly used
in liberalized electricity markets to study the effects of additional elec-
tricity generation on the system. The algorithm is developed in Python
with Gurobi as the solver, assuming no cross-border trade. The model
takes into account both supply and demand bids, applying necessary
constraints to maintain market viability to obtain a market-cleared
price as illustrated in Fig. 8. As verification, the original market clearing
price was obtained using the proposed methodology and compared with
the actual market-cleared price before obtaining a new MCP with the
added solar PV power generation.

This study employs NordPool data, analyzing supply and demand
bids in the day-ahead market in Finland for 2023 [34]. The day-ahead
price is generated using a Security-Constrained Economic Dispatch
(SCED) model, which secures supply while minimizing costs. The over-
all process flow is illustrated in Fig. 9. A more detailed explanation of
the modeling can be found in [13].

The objective function for the market clearing process is defined as:

Ng Ny
max <Z plof -3 P;Q}> 5)
i=1 j=1

where:

. P,.d and Q:.’ are the bid price and quantity of the ith demand bid,
respectively.

© P and Qj 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. 8. Illustrative output of the market clearing algorithm and the market clearing
price (MCP) for a sample hour in Finland.

The following constraints are applied to the market clearing model:

1. Supply-Demand Balance: The sum of the produced electricity
should equal the amount of the consumed electricity.

2. Non-Negativity: The quantity of supply and demand bids must
be positive, but the bids could be negative.

3. Bid Quantity Limits: Accepted bids must be within their ac-
cepted limits.

4. Price Limits: The MCP should be within the minimum
(=500 €/MWh) and maximum (4000 €/MWh) limits of the
market.

Solar PV power generation, assumed to have negligible operating
costs, is introduced into the algorithm at zero marginal cost, and the
resulting price changes AP are computed.

The algorithm assesses price impacts by simulating solar PV instal-
lation at a single location, iterating the process hourly throughout the
year, and repeating for 1890 potential locations, of which 1003 fall
within the land borders of Finland.

day=day +1

Save results
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4.4. Other considerations

A 100 MW, solar farm was chosen due to the convenient installation
size and the solar farm being large enough for the peak power to
influence the day-ahead markets. A 100 MW, farm can conveniently
be installed and attached to most already existing substations without
requiring additional grid-side investments. The installed capacity is the
same as in [13] for the case of wind power, which makes the results
directly comparable. While the FLH of a solar farm is much lower than
that of a wind farm, the peak power remains the same, which is often
the factor according to which the transmission capacity is sized.

The present study uses zonal pricing in which a larger area, for
example, a large region or a country, has the same electricity price,
which is the case in Finland and Europe as a whole. Finland is a single
bidding area owing to its strong grid and no significant congestion
issues within the country. Another option would be to model the
market through locational marginal pricing (LMP, aka nodal pricing),
where larger areas are divided into nodes with individual electricity
pricing and transmission congestion costs. As there are no congestion
considerations and the existing market is already zonal, it is not within
the scope of this paper to model the market with LMP.

Congestion charges were not considered due to there being no mar-
ket mechanism to address congestion. In Finland, which is a single price
area, the TSO performs countertrading, where production is shifted
from a grid-congested area to a less congested area at the expense of the
TSO, leading to reduced congestion. These costs from countertrading
are not reflected directly in market pricing [45,46].

In addition, further dividing the current price area into smaller
areas or nodes would lead to increased cannibalization rates and price
fluctuations on the west coast, further aggravating the current situ-
ation. Larger price areas with more varied generation decentralized
can reduce price fluctuations; however, this would require a strong
transmission network.

Cross-border electricity transmission was not considered in this
paper for the following reasons. Firstly, the power generated from a
100 MW, solar PV farm is considered a marginal addition to the market
with an average capacity factor of 10%-25% [47]. Secondly, there
have been 0% of hours where the electricity prices in the price area
of Finland have been in balance with its neighboring countries [48].
Thus, due to the existence of price differences between zones, the cross-
border transmission capacity has already been fully utilized. Therefore,
any additional power generation in the market will most likely stay

Obtain supply
— and demand bids
from Nord Pool

for the day

hour = hour + 1

¥

Use algorithm to
find MCP
T Obtain hourly
solar power data
Reorder supply «—1 for additional
bids
T solar farm
- installation

Obtain updated

MCP based on

algorithm
¥

Save the results
for the hour

Fig. 9. Flow diagram of the market analysis procedure, where MCP stands for the market clearing price.
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in Finland. Finally, on an annual level, Finland is also highly self-
sufficient, only importing 3% of final consumed electricity [49]. The
inclusion of cross-border trading does not overall influence the result
due to the cross-border capacity already being saturated.

As this study is the first to employ spatially explicit methods to
assess the market impacts of new solar PV capacity, there are no
directly comparable prior works. Nevertheless, the validity of the re-
sults is supported by the aforementioned key considerations. Specif-
ically, the marginal increase in power generation capacity compared
to system size, the existence of a single price area, the absence of
congestion charges, the minimal influence of cross-border transmis-
sion on market outcomes, and Finland’s high degree of energy self-
sufficiency collectively provide strong justification for the robustness
of the findings.

5. Results

The results are analyzed in this section with the main focus on so-
cietal benefit (Section 5.1), revenue (Section 5.2), and cannibalization
(Section 5.3).

5.1. Maximizing electricity cost reduction for society

The societal benefit is defined in this paper as the benefit that all
the other participants in the day-ahead market gain through reduced
electricity costs from the new generation capacity, which is calculated
by multiplying the electricity consumption of the day-ahead market
hourly (E,,, 44y-aheaa,n) DY the change in the day-ahead market price
before (PZ%,,,) and after (P;i%., ) the addition of the new solar PV

CP.h MCP.h
power generation:

8760
. . BS AS
Societal benefit = Z(PMCP,h = Pyepn)  Econday-ahead.n (6)
h=1

The reduction in electricity costs according to Eq. (6) is depicted in
Fig. 10. It can be seen that the greatest reductions in electricity costs
can be observed in the southern half of the country.

In the southwest, there is an area where the power generation is
seen to have a proportionally smaller effect on the electricity prices
than the neighboring areas, despite having better irradiation condi-
tions, as seen in Fig. 6. This could be attributed to the hours of
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generation taking place at generally more stable periods of time, where
the additional generation does not significantly affect the market clear-
ing price. Other southern areas are able to generate power at a more
crucial time when a marginal increase in power affects the MCP more.
The north does not have a strong ability to influence the market price.
The hotspots in the south are scattered and seemingly do not follow
a specific trend that could be tied to factors other than climatic. A
peculiar transition area is seen on the south coast (24E, 60.5N), where
the reduction in electricity cost jumps from a much lower value to the
highest of the price area in the west-to-east direction. The area to the
west of this transition line experiences the most FLHs in the year, and
the hypothesis for a lower cost reduction rate for the whole calendar
year is that for much of the year it is the only region that is able to
produce a significant amount of power when the electricity prices are
high. The solar PV generation from other regions does not overlap with
this generation, leading to a lower overall price reduction in the said
power generation. Other regions, still in the general south, may only
be able to generate solar power at the same time as other installed
capacity. This leads to overlapping power generation from multiple
sources, resulting in more likely reductions in the electricity price. Still,
solar power has a limited ability to influence the electricity price on this
scale compared to wind power.

While the overall average reduction in electricity price is small,
because the price reduction is applied to all consumers in the day-ahead
market with the annual energy consumption of 58 TWh, the reduction
in price indicates total cost reductions of several millions of euros, even
up to around 18 M€/a, for the market participants.

5.2. Maximizing revenue for investors

The revenue in the day-ahead markets is obtained by multiplying
the new MCP (Pycp ;) by the amount of electricity produced hourly
(Eproa,n) according to:

8760

Revenue = Z Pyicp i Eproan (@]
h=1
The revenue is mapped in Fig. 11. The areas of highest revenue

are the coastal areas in the southwest. The best price for the unit of
energy produced over the whole year is also obtained in the southwest.
Overall, most of the country can be considered homogeneous in terms
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Fig. 10. Quantifying societal benefit through reduction in electricity costs in the day-ahead market.
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Fig. 11. Comparison of the effects of additional wind power capacity on revenue through cannibalization of electricity market price.

of revenue (€/MWh) with the exception of the southwest. Fig. 11(a)
indicates that the southwestern and some of the west coast regions are
able to generate solar power during times when day-ahead prices are
higher than in the rest of the price area.

The area of higher revenue in the southwest differs from the areas
of the highest benefit observed previously in Section 5.1. This is likely
due to the effect of the timing of the generation. If the generation
occurs at a time when the market prices are already low in summer
and price cannibalization further lowers the market price, it requires
significant generation to provide noticeable revenue. If a location is
able to produce electricity when market prices are on average much
higher in spring and autumn, they may have a better opportunity to
produce much higher revenue. A seasonal analysis is performed in
Section 5.4.

Latitude
Loss due to cannibalization M€/a

Longitude

(a) Loss of revenue in M€/a

5.3. Effect of cannibalization on revenue

The effect of cannibalization is defined as the sum of the hourly
change in the day-ahead market clearing price (MCP) before (P)S% P, h)
and after (Py;?.,,) the addition of new solar PV capacity multiplied by
the solar production of the said hour (Ej,,, ;):

8760
Loss in revenue = — Z Epjarn - (
h=1

The loss in revenue due to added generation is presented in Fig. 12.
A surprising result is that the greatest level of cannibalization is not
observed in the southwest, where the solar conditions are the best. It
is also the area of the country that is the most densely populated and
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Fig. 12. Comparison of the effects of additional solar power capacity on revenue through cannibalization of electricity market price.
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Fig. 13. Monthly price reduction in three sample locations in 2023: northern, central, and southern. The exact locations are seen in Fig. 2. In (a) the total amount of energy
generated in 2023 are compared monthly together with the average spot price. In (b) the potential for cost reductions are highlighted.

where most of the rooftop solar should be found. Regional installation
figures, however, are not readily available for comparison.

Large-scale solar installations are only now emerging in Finland.
There is no clear overlap with the already existing large-scale solar
installations displayed in Fig. 2.

The southwest experiences overall the lowest loss due to cannibal-
ization despite having the best sunshine hours. The result is counter-
intuitive, as one would expect the sunniest areas to already have the
most solar capacity installed, as supported by [27], leading to a more
dramatic change in price. There are two main hypotheses to explain
this.

First, the solar PV capacity of the area is mostly installed on
rooftops, which is seen as a reduction in demand instead of increased
regional supply. As seen in Fig. 2, there are no major solar farms
installed in the region, which supports this hypothesis.

Second, the rest of the country produces most of its power and
energy during summer when sunshine hours are abundant, even at
night in the north. With the lower demand for power and much of the
country no longer having snow on the panels, the whole price area is
able to generate power at once, cannibalizing the final day-ahead price
more profoundly. The southwestern area is also the area of Finland with
the least snow coverage and usually the first area to clear of snow after
a long winter. Thus, it is able to produce solar power for some time
decoupled from the generation from the rest of the country, when the
electricity prices are higher.

5.4. Seasonal breakdown

Solar irradiation in the Nordic countries is highly seasonal, as shown
in Fig. 5. In contrast to the average day-ahead price in Fig. 13a, the
northern areas are at a disadvantage, as their power generation window
is very narrow during the summer months, when the day-ahead market

prices are already low on average. The southwestern areas benefit from
much less snow and the ability to generate some power during high
day-ahead prices, especially in the springtime.

The hourly effect of the additional solar PV power generation is
analyzed in Fig. 14. It is observed that the peak price reductions
occur between the hours of 9 am. and 1 p.m. Against the original
hypothesis, the northern location, despite having irradiation available
in the summer months during most hours of the day, does not experi-
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Fig. 14. Hourly average electricity cost over the whole year of 2023 contrasted with
the average capacity factors and electricity demand levels. The exact locations are seen
in Fig. 2.
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ence any price reduction opportunities during what is considered the
conventional night period (due to the midnight sun). The benefit of the
northern location is low in comparison with the central and southern
locations. The peak price reduction is observed at hours 10-11. In
winter, when the electricity price is highest, the demand profile is
dominated by electrical heating in the form of heat pumps. The demand
profile is strongly correlated with outside temperatures and thus may
not be cyclical in nature, unlike other significant loads in a household.

The southern and central parts have a much better opportunity to
influence the day-ahead market prices than the north. In Fig. 15, the
areas that have no opportunity to influence the market prices even for
a single hour in the whole year are shown in black. Installations further
north have a lower influence from the additional generation due to
lower FLHs in the year, and the production aligning almost exclusively
to the summer months when the electricity prices are lower.
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Fig. 15. Areas colored in black where the solar PV generation does not have any effect
on market prices in 2023. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

5.5. Effect of snow and annual variability

Weather conditions vary between years, and thus, the results also
vary. Cloud coverage, snow on solar panels, and wind power availabil-
ity all affect the outcomes of this paper [50].

When considering the day-ahead markets, the solar PV generation
can have a great impact in the spring period. In Finland in the spring-
time, the thick, dense layers of snow take a significant amount of
time to melt. The snow can improve power generation by increasing
reflections while effectively cooling panels, leading to overclocked
power generation, often above the rated capacities, of the panels at a
time of year when the electricity demand is still relatively high. Snow
or the lack of it can have a significant influence on the generation. The
annual variations at a sample location in central Finland are illustrated
in Fig. 16.
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Fig. 16. Example of annual variance of solar PV power generation for a sample location
in central Finland. Snow, clouds, and latitude will inevitably influence the full load
hours, and thus, the values may vary greatly depending on the selection of location.

6. Discussion

The installed solar PV capacity can take many forms, either as
rooftop solar installations or larger commercial sites. Due to the resolu-
tion of the data, the end result can be a mix. In this model, south-facing
solar PV with a 45-degree tilt angle was used. The solar PV power
generation profile can be affected in many ways, for example, through
changing the azimuth angle to capture more irradiation in the morning
hours by facing the panel east or alternatively west to cover more
of the evening demand, as highlighted in [16]. The panel angle also
has an effect on the seasonal effectiveness. A steeper panel angle is
more beneficial in winter, with the additional benefit of the panel
being able to better release snow from the panel. In addition, even
in summer, the panel tilt angle is relatively high, around 60°, due to
the installation latitude. Solar PV in Finland is overall still in a very
minor role compared to wind power. As a result, the role of solar PV
has been to maximize electricity generation. Thus, a south-facing farm
was selected.

Having 100 MW, of purely south-facing panels can realistically be
achieved only from planned industrial sites. From an energy system
perspective, having the capacity installed on rooftops behind loads
and with varying orientation would benefit the grid the most, as a
proportion of the generated power is first consumed at the site of
generation, and due to the scattered orientation of the panels, the peak
generation power is lower than if the panels were all facing south. It
is common for sites to also employ east-west-facing panels; however,
in the northern latitudes, this is not as feasible as the sun tracks low
in the sky, and much of the radiation potential would be lost. This is
more common and more beneficial closer to the equator.

The results are fascinating. From the perspective of an investor, the
areas with the highest solar PV potential are the areas that provide the
highest level of revenue. Counterintuitively, these areas also are the
areas that lead to least price cannibalization of revenue, which further
supports investments in the area. The southwest is also close to load
centers, which frees capacity on the main north-south transmission
lines. From the societal perspective, the areas that would bring most
benefit to the whole price area are scattered generally in the south of
Finland with no clear pattern with some marginally better areas. There
is generally a very low overlap with the areas that would bring most
revenue to an investor and the areas that affect the electricity price
for the rest of the consumers in the day-ahead markets. This means
that in order to attract investments in the areas that would contribute
to higher cost reductions, other incentives would be required, such as
lower grid connection costs due to the already existing infrastructure
with available connection and transmission capacity.
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6.1. Solar PV as a supporter of wind power

While solar PV alone does not seem to have a significant effect on
the day-ahead market, it should not be ignored. Due to the complemen-
tary nature of solar power, it should be installed alongside wind power
to make use of the already existing infrastructure, thereby reducing
investment costs [51]. A more geographically dispersed generation
capacity provides the best support for the day-ahead market and its
customers. As the penetration of renewable power increases in the
energy share, there is not only a higher need to balance power, but
also energy.

One of the motives for rooftop solar PV is to reduce distribution
costs. The ability to produce your own power cuts a significant propor-
tion of the total cost of energy for a regular consumer. This can be an
effective cost reduction in the range of 40 €/MWh [52] while excluding
related taxes, in addition to omitting the cost of the energy itself.

A benefit of solar PV over wind power is that smaller units can
be dispersed across larger geographical areas on rooftops. However,
with larger installations around larger population centers, as in the
southwest, it can become problematic with time. As large-scale renew-
able sources of power require significant investments in the common
grid infrastructure, in the future, it is likely that while the energy cost
components remain low, the distribution cost component will increase.

Solar power can benefit from installations in the eastern parts of
Finland, as there are available grid connection spots not taken by wind
power. Already built areas should be prioritized, such as rooftops,
fields, and out-of-use peat harvesting areas. This reduces the ecological
footprint of a new solar PV farm installation. Currently, the canni-
balization rates are not significant in comparison with wind power;
however, areas that would benefit society can be observed. The greatest
benefit, still, is the reduction in distribution costs if the solar capacity
is installed behind a load where the distribution grid is not used.

6.2. Limitations

The current day-ahead market analysis does not consider changes in
cross-border trade for two reasons. Firstly, the self-consumption rate of
energy in Finland is high, with only 3% of all electricity being imported
in 2024 [53]. Secondly, the change in electricity supply, due to the
added solar PV capacity, is relatively marginal in nature compared to
the power system size. As a result, the uncertainty in the model is low,
especially when considering the capacity factor of solar power.

In this paper, only one solar panel configuration was considered:
45° south-facing. This was done to isolate the effect of geographical
dispersion on solar PV production and its impact on the day-ahead
market.

Finally, the proximity to existing grid connection points was not
considered in this study. In turn, the investment costs required to utilize
existing connection points or build new ones were also not included in
the present analysis.

6.3. Future work

Based on the aforementioned limitations, there is potential for
studying the effect of locally optimizing panel tilt and azimuth against
the day-ahead electricity market. Further study is also planned to
estimate grid connection costs throughout the country. Especially in
the north, distances to the nearest grid connection points can be long
with significant impacts on total investment costs. Additionally, the
inclusion of geographical obstacles at higher resolution is required.

Moreover, the impact of BESS and trading algorithms on the fi-
nancial viability of renewable power capacity additions in areas with
high cannibalization rates can be investigated. These areas are often
characterized by their proximity to existing grid connections. In addi-
tion, analysis of hybrid power plants combining wind and solar power
generation capacity behind common grid infrastructure is planned.
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7. Conclusion

This study evaluated the day-ahead market effects of a new 100
MW, solar PV farm in different geographical locations within the single
price area of Finland. This was performed by the manipulation of bid
curves from NordPool. Revenue, cannibalization, and societal benefit
were calculated, which provide insights into the most optimal sites to
build new solar PV farms.

The level of revenue ranges between 40-48 €/MWh across Finland.
From the consumer perspective, energy cost savings of up to 18 M€/a
(equivalent to 0.25 €/MWh) were observed. The low price reductions
can be attributed to the bulk of the generation occurring during summer
months. These months are characterized by significantly lower demand
compared with winter months, leading to relatively lower electricity
prices which, in turn, dampen cost savings from additional solar PV
capacities. From the supplier perspective, the same phenomenon results
in high cannibalization rates of up to 13 €/MWh.

Regional differences are highlighted at both annual and seasonal
levels. The south has greater potential to influence day-ahead market
prices and also provide higher revenue due to higher energy yield. The
highest cannibalization rates were observed in inland locations, which
do not have much opportunity to generate electricity in the winter
months due to low irradiation levels and snow coverage.

The area with the highest energy yield also experienced the lowest
cannibalization rates over the whole year. In addition, it was observed
that solar power generation was best able to reduce electricity prices
during hours between 8-13.

While large-scale solar PV installations support the day-ahead mar-
ket, the most significant savings come from prosumer solar installations
partially mitigating distribution costs, which can be higher than the
electricity price from the day-ahead market. To maximize welfare and
energy savings, solar installations of any size should primarily be
installed behind loads, and any surplus power should be sold within
the technical limits of the grid connection and the power system. Due
to the Finnish climate conditions, solar power plays only a supporting
role, increasing self-sufficiency, while wind power is used to supply the
bulk of renewable energy to households and industry year round.
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