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ARTICLE INFO ABSTRACT

Keywords: This study analyses how the rapid growth of utility-scale solar PV in the Nordic region will impact its economic
cannibalisation viability by 2030, using Finland as a case study. The analysis is based on modelling the Nordic electricity market.
electric vehicle Solar energy is crucial for the energy transition in the Nordic region; however, high penetration levels pose
l;ig;og;n significant economic challenges. The lack of feed-in tariffs for solar PV, limited energy system flexibility, high

shares of nuclear and wind power and ambitious solar expansion plans make Finland a topical case study. Using
PLEXOS advanced electricity market simulation tool, this study models the Nordic and Baltic multinational
electricity system in detail and its connections to the Central Western European power market. The study in-
cludes significant electricity demand changes from rapid increases in electric vehicles, district heating electri-
fication, and hydrogen production. Multiple scenarios representing different solar PV levels across the Nordic
regions are analysed by 2030, including one scenario with various shares of vertically mounted, east-west-
oriented bifacial solar PV. Results indicate that large-scale solar PV integration in the Nordic region could
collapse Finnish electricity prices, specifically in the summer months. This expansion would reduce solar capture
rates to 40% by 2030, highlighting the solar cannibalisation in Finland. These findings indicate the potential
economic risks of extensive solar PV deployment and the need for market adaptation. Integrating vertical bifacial
panels to adjust the PV production profile and optimising the electric vehicle charging are found to be important
to improve the economic viability of solar generation.

vertical bifacial solar panel

2030 [6]. With these ambitious targets, Variable Renewable Energy
Sources (VRES) like wind and solar have gained more significance in the
energy transition process.

Hydro and wind power are already well integrated into the Nordic

Introduction

The transition to sustainable energy has become a global imperative,
as it is essential for addressing climate change, ensuring energy security,

and promoting sustainable development. The Nordic region is at the
forefront of these global efforts, with an aim to achieve carbon neutrality
in the next decades [1]. Finland’s official plan is to achieve carbon
neutrality in 2035 [2] Sweden in 2045 [3], Denmark in 2050 [4], and
Norway in 2050 [5]. The EU Renewable Energy Directive sets a binding
target for member countries to reach a 42.5% renewable energy mix by

energy system. Hydropower is the most utilised renewable electricity
resource in the Nordics, and the reservoirs in Norway represent
approximately half of the total hydro storage capacity in Europe [7]. The
flexibility given by the hydro capacity makes the region well-suited for
the integration of VRES. Wind power is prominently integrated into the
Nordic energy system, with Sweden, Denmark, and Finland having 19
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GW [8], 7.5 GW [9], and 8.2 GW [10] of installed capacities by the end
of 2024, respectively. A strong growth of wind power is expected to
continue in the Nordics. Wind conditions between the northern and
southern Nordics are divergent, with higher levels during winter than
summer months. This seasonal variation aligns with the high power
demand in winter, contributing to a balanced energy supply.

Solar energy is promising as an economically viable option. The
levelized cost of electricity (LCOE) of solar is now competitive with
other technologies [11]. This is mainly due to technological advance-
ments, efficiency improvements in PV, and solar economies of scale.
Both individuals and businesses are interested in solar PV option due to
the economic benefits, for instance, in local production and consump-
tion to avoid transmission and distribution fees and taxes. Since hourly
PV and wind power production have a negative correlation in Finland,
adding PV to the high-wind power system achieves synergies. The
aggregated VRES (wind + PV) production profile will be smoother, and
the grid infrastructure already built for wind power can fit PV with
reasonable additional investments. The Nordic region has recently in-
tegrated a significant amount of solar PV into the energy system, also on
utility scale. As of 2025, installed solar PV capacities in Denmark,
Sweden, Finland, and Norway are 3.7 GW [9], 3.1 GW [9], 1.1 GW [12],
and 0.7 GW [13], respectively. Further, solar PV will play a pivotal role
in future energy system, according to the National Energy and Climate
Policies of the Nordic countries [14-17].

Regardless of the economic benefits, solar energy is challenging due
to its seasonal generation profile and time-dependent nature. The whole
Nordic region experiences significant daylight time variation
throughout the year. Short winter days with high electricity demand and
long summer days with lower demand create a seasonal mismatch be-
tween solar energy supply and demand, although this mismatch is
partially balanced by scheduling the annual maintenance of the nuclear
power plants from spring to early autumn. Further, the Nordic area and
the whole Europe exhibit similar solar generation peaks. Therefore, the
market is saturated during the same peak hours in the region since there
is no place to export excess electricity generated by solar. This situation
leads to an oversupply of electricity relative to the demand. Since solar
energy has zero marginal costs, it displaces higher-cost electricity gen-
erators in the merit order curve, leading to low electricity prices. In fact,
the oversupply of electricity due to peak solar generation hours can
worsen the concerns about cannibalisation, price collapses, and even
negative electricity prices in extreme cases. Cannibalisation occurs when
high penetration levels of a generation technology weaken the tech-
nology’s own value in the wholesale electricity market. In recent years,
this has been evident in Europe. For instance, the market prices dropped
to the floor price of -500€/MWh in many Central Western European
countries in the summer of 2023, and negative electricity price hours are
becoming more frequent in the summer and autumn of 2024 (Finland
had 427 and 725 negative electricity price hours in 2023 and 2024,
respectively) [9]. These facts indicate the importance of studying the
impacts of high solar PV penetration at the utility scale, i.e., production
to the power market.

The rapid growth of solar and wind power is also driven by the
outlook for electricity consumption growth. According to Fingrid, the
Finnish transmission system operator, electricity production in Finland
may grow from 90 TWh in 2025 to even 130 TWh in 2030, fully due to
the increase of wind and PV production [18]. Electric vehicles (EV) are
in a key role in the reduction of carbon dioxide emissions from the
transportation sector, and the target of the Finnish Government is about
925,000 EVs by 2030 [16]. There are also many projects under devel-
opment to produce hydrogen from wind and solar power in Finland, i.e.,
green hydrogen [19,20]. In addition, the trend of heating electrification
is important to note when evaluating the electricity market prospects in
Finland.

This study analyses the economic impacts of large-scale solar PV
implementation in the Nordic power market by 2030 using Finland as a
case study. This study aims to quantify the solar cannibalisation based
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on several future scenarios using PLEXOS Nordic electricity market
model, considering different levels of solar deployments in different
regions of the Nordic area and the foreseeable development of demand
by the year 2030, including electric vehicles, hydrogen production and
electrification of district heating. Section 2 presents previous literature
on the topic. In section 3, the materials and methods used in this study
are described. Section 4 presents the results of the study. In section 5, a
comprehensive discussion of the implications of the analysis and sug-
gested future work is presented. The last section draws conclusions by
mentioning the key insights.

Literature review and novelty of this study

Studies have shown that residential scale PV systems have promising
economic potential in Finland. Merildinen et al. [21] studied optimised
rooftop PV installations based on customer load profiles and demon-
strated the optimum solar PV orientations to maximise revenue under
southern Finnish weather conditions. This study suggests that single
azimuth systems are profitable when the compensations are paid for the
surplus electricity and optimal orientations at azimuth angles for -15° to
5° (with azimuth of 0° = south, angle increasing clockwise) with tilt
angle between 35° to 45°. Shekar et al. [22] analysed the optimal azi-
muth for economically feasible rooftop solar PV installations at resi-
dential and community levels in Finnish Lapland. The study identified
an optimal azimuth of -24° and emphasised the importance of location-
specific optimisation in Arctic conditions. Several studies have explored
the integration of solar PV systems with heating solutions in Nordic
conditions, focusing on solar PV revenues. Rehman et al. [23] studied
solar PV integrated with different heat pump-based district heating
systems at the community level. They found that a centralised solar
integrated district heating system with seasonal storage was the most
cost-effective and environmentally friendly option. Hirvonen et al. [24]
investigated small-scale building-integrated PV systems with economic
support schemes. This study concluded that feed-in tariffs were the most
effective in promoting solar PV integration, while investment subsidies
were less impactful but more cost-efficient for the government. Mer-
ilainen et al. [25] examined the profitability of solar PV-battery energy
storage-heat pump systems for townhouses, considering different system
designs. This study found that such systems could significantly reduce
both energy costs and CO, emissions, with optimal sizing depending on
electricity prices and available roof area. Beyond residential applica-
tions, the potential of integrating solar PV with specialised industrial
sectors in Finland has been studied. For instance, Hyvonen et al. [26]
showed that solar PV systems can cost-effectively provide renewable
electricity to data centres in Finland and Japan. Simola et al. [27]
demonstrated the optimal dimensioning of building-integrated solar PV
plants for a dairy farm and a grocery shop. The most economically viable
building-integrated PV options were found, as a 40 kWp system could
cover asignificant portion of the farm’s electricity demand, while for the
grocery shop, 60 kWp was found optimal.

Despite the wealth of these residential and specialised industrial
sector solar PV optimisation studies, most of the current PV construction
in Finland is utility-scale production for the power market [28-31]. With
this utility scale solar PV boom in Finland, the economic viability of the
future energy system is a crucial topic to understand. The total aggre-
gated capacity of the planned utility-scale PV projects, 16 GW [32], is
enormous compared with typical electricity consumption in Finland.
With the seasonal and diurnal solar generation profiles, particularly
solar cannibalisation threatens the viability of these projects.

These impacts on electricity price are studied for solar rich regions
throughout the year. Kolb et al. [33] found that wind and solar PV
significantly reduced German day-ahead electricity prices by 2.89-8.89
ct/kWh already during 2014 to 2018. Pena et al. [34] demonstrated that
renewable expansion in Spain reduces market prices and revenues for
both renewables and conventional plants due to cannibalisation and
depredation effects. Reichenberg et al. [35] demonstrated in a recent
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study that the cannibalisation effect substantially lowers the projected
profits of variable renewable investments, reducing profit margins and
increasing the investment risk and the required thresholds as the market
penetration increases. Furthermore, cannibalisation has been studied
through both empirical data [34,36-38] and using modelling data [39-
42]. Lopez Prol et al. [36] studied cannibalisation in California, where
increasing solar and wind penetration has led to a mutual decline in
their respective capture rates. Hirth [37] identified the expansion of
VRES as the major driver of the electricity price drop in Germany and
Sweden between 2008-2015. An analysis of Zipp [38] depicted a
reduction in average day-ahead price in Germany and Austrian region
already during 2011-2013 with high VRE generation. Using a numerical
European Electricity Market Model, Hirth [39] found that the value of
solar declines faster than wind. An analysis of Lamont [40] depicts a
30%-40% VRE value depression in 2030 in California. Studies by Win-
kler et al. [41] and Blume-Werry et al. [42] show that fuel and COy
prices affect VRE market values and thus contribute to the emergence of
potential solutions. However, in the Nordic region and in Finland, so far,
very little attention has been paid to the economic impacts of large
shares of utility scale solar PV.

One of the proposed solutions to reduce the economic impact of high
solar penetration is the integration of energy storage systems with
utility-scale solar PV. Ma et al. [43] and Schleifer et al. [44] show that an
optimised hybrid energy storage system enhances flexibility and the
shares of renewable energy. Nkwanyana et al. [45] and Bullich-Mas-
sagué et al. [46] emphasise improved system stability in the presence of
electricity storage and selecting the most suitable technology. He et al.
[47] demonstrate that portable utility-scale storage can increase reve-
nues and support grid reliability.

Recent studies on vertically mounted bifacial solar PV (VBPV) in
Finland provide evidence for its effectiveness in high-latitude conditions
compared to conventional solar PV. This was experimentally proved on
the residential scale [48] and proved with modelling results in both
residential [49,50] and utility scale [50]. Jouttijarvi et al. [49]
demonstrated using modelling that VBPV could achieve 7.4%-10.9%
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higher economic value compared to conventional solar electricity on the
residential scale (i.e., including self-consumption). Despite these find-
ings, the economic impact of integrating VBPV into the energy system on
a large scale remains an unexplored area of study, particularly in the
context of Nordic countries.

Fig. 1 illustrates the differences in electricity generation profiles
between conventional PV panels and VBPV panels at a southern Finnish
location on a midsummer day. Conventional PV panels are installed at a
tilt angle of 40° facing south, resulting in a single production peak at
solar noon. In contrast, VBPV panels are mounted vertically (tilt angle
90°) with both east- and west-facing surfaces, leading to two production
peaks, one in the morning and another in the evening.

There are several challenges to integrating solar PV in Finland
compared to the other Nordic countries. Finland has little supply-side
flexibility within the energy system. The energy mix consists of nu-
clear, hydro, wind, combined heat and power generation (CHP) and
solar generation. Wind generation is intermittent, nuclear generation
has low flexibility, and there are fewer flexible hydro reservoirs than in
Norway and Sweden. CHP production is driven by the district or in-
dustrial heat demand, with electricity often being a by-product.
Furthermore, unlike many other countries, neither Finnish onshore
wind nor utility scale solar PV developments receive considerable sub-
sidies. When considering recent electricity prices, and in particular
negative price hours in 2024, Finland has the highest negative price
hours (725 hours [9]) in Europe.

As highlighted by the literature above, Finland presents a topical
case study for analysing the economic viability of large-scale solar PV
deployment. Research is needed to understand how solar PV will affect
electricity prices, the potential of VBPV to overcome the economic
challenges of solar PV, the role of increasing electricity use in several
sectors and applications, and thus, the overall energy system economics
in the Finnish and the broader Nordic context.

evening
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Date: June the 215 (mid-summer day)
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Fig. 1. Comparison of conventionally mounted south-facing solar PV and east-west faced VBPV.
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Methods

This section presents a brief overview of the multinational electricity
market, which is modelled in this study (Section 3.1). Section 3.2 pre-
sents the modelling tool and its main principles as applied in this study.
Section 3.3 proceeds by describing the modelled multinational system in
detail and by giving references to the detailed data sources. Sections 3.4
to 3.6 describe in detail the modelling of electrified district heating,
electric vehicle fleet and production of hydrogen from electricity,
respectively. In section 3.7, the solar PV capacity expansion scenarios
created in this study are presented.

The Nordic and Baltic electricity system

In this study, the whole Nordic and Baltic electricity systems and
their connections to Central-Western Europe (CWE) and Great Britain
(GB) were modelled by utilising the PLEXOS advanced simulation tool.
The multinational Nordpool Nordic and Baltic electricity market con-
sists of fifteen bidding zones [51], which is illustrated in Fig. 2 The
Nordic Bidding zones include Denmark (DK1, DK2), Finland (FI), Nor-
way (NO1, NO2, NO3, NO4, NO5), and Sweden (SE1, SE2, SE3, SE4),
and the Baltic bidding zones represent Estonia (EE), Latvia (LV), and
Lithuania (LT). Further, Central-Western Europe (CWE) power market
represents Germany (DE), the Netherlands (NL), and Poland (PL).

PLEXOS advanced simulation tool

PLEXOS is an advanced simulation tool that allows the modelling
and optimisation of zonal and nodal energy systems through various

=
/
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planning horizons from 1-second granularity to decades ahead [52].
PLEXOS optimises the dispatch of power generators to meet the elec-
tricity demand, while cost minimisation and other objectives and con-
straints are considered. Several factors are counted in the modelling: the
variable resource availability, costs of different technologies, trans-
mission constraints, environmental regulations, and operational con-
straints defined by the user. In terms of the electricity market, PLEXOS
considers the interaction of bidding and pricing mechanisms, deter-
mining the electricity price based on supply and demand balance, uti-
lising several optimisation algorithms, including mixed-integer linear
programming. In this study, PLEXOS was used to optimise power plant
maintenance schedules, the use of hydro reservoirs across multiple
years, and the short-term dispatch of generators. The main objective of
PLEXOS in this study is to minimise system costs.

In this work, three schedules of PLEXOS are used: the medium term
(MT), short-term (ST) and the Projected Assessment of System Adequacy
(PASA). The MT schedule models the entire year with simplified details.
MT simulates the year by changing the data into load duration curves,
which are then split into blocks. The MT simulation results are sent to
the ST schedule. For example, the MT schedule sends certain targets for
hydro storage levels, which should be met by the ST schedule at the end
of each ST period. The PASA optimises the maintenance schedules of
thermal plants. ST Schedule is mixed-integer programming based on
chronological unit commitment and economic dispatch model. In this
work, a full chronology is used. The ST schedule has been configured to
consist of 73 five-day periods in a normal year, and 61 six-day periods
during a leap year. In this study, ST is configured to an hourly interval.
In this study, the model is run ten times with ten distinct samples
(weather years 2007-2016) in MT, ST and PASA.

Fig. 2. The Nordic and Baltic Bidding Zones of the Nordpool electricity market, which are modelled in detail in this study [51]. Transfer capacities for Finland are

shown as Net Transfer Capacities (NTC).
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A simplified objective function with the main constraints repre-
senting the modelled system is presented below in Eq. (1):

T
min E o1 Celect. SRMC.t + CheatsRMC ¢

st.
electricitybalance
heatbalance €y
hydroconstraints
storageconstraints

transmissionconstraints

where

Celect.SRMC,t €quals Cost of Electricity (Short run marginal cost of
electricity) at hour t

Cheat.SRMC,¢ €quals Cost of Heat (Short run marginal cost of heat) at
hour t

The MT and ST schedules of PLEXOS aim to minimise the sum of
costs from electricity and heat generation during the modelled year.
These are represented by the short-run marginal costs (SRMCQ), i.e., the
variable operation and maintenance costs, cost of startup and shutdown,
fuel costs and emission costs. T is 8760 hours during a normal year. The
main constraints within the model are the electricity and heat balance
constraints, which mean that the hourly demand must be met either
with generation or from storage. Hydro constraints relate to hydro
dispatch, storage, and inflow constraints, while storage constraints
relate to similar constraints present within the electricity and heat
storages. Recycling storage was included in this model, meaning that all
hydro reservoirs and other storages must have the same content at the
end of the modelling period as in the beginning. Transmission con-
straints regulate the transmission of electricity between the modelled
regions (Fig. 2). In this paper, the Long-term schedule was not used.
Thus, investment costs have no impact on the objective function, and no
capacity optimisation was conducted.

Renewable Energy Focus 56 (2026) 100750
Modelling the Nordic and Baltic energy system

The fifteen Nordic and Baltic bidding zones (Fig. 2) are modelled
individually and interconnected by transmission lines. CWE markets and
GB are simplified as hourly electricity price profiles and transmission
limits. The applied price profiles are based on historical actuals [9] with
annual scaling according to power market forward curves for 2024-2030
[53]. The Net Transfer Capacity (NTC) values are used as the trans-
mission limits within the modelled bidding zones and to the external
boundary markets (CWE and GB) in the model [34]. Fig. 3 presents a
simplified flowchart of the modelling conducted in this study. All major
power plants (installed capacity above 100 MW) are modelled with
representative technical parameters, for instance, the consumed fuels,
heat rates, ramping rates and the minimum stable levels. The corre-
sponding CO5 emission rates and market prices are included under fuel
properties.

In this modelling, electricity generation is dispatched by ascending
marginal costs. Wind and solar generation are assumed as zero marginal
costs, and nuclear power has a low marginal cost, thus dispatched before
fossil and biomass-based generation. Power plant maintenance rates are
optimised based on historical availabilities as input parameters. CHP
generators are aggregated as one generator per bidding zone (FI and
DK), where the fuel mix is represented as ratios. Power plant installed
capacities for 2024 in the model are based on the Transparency Platform
managed by the European Network of Transmission System Operators
for Electricity (ENTSO-E) [9], and the 2030 installed capacities are
determined based on National Energy and Climate Policies (NECP) [54].
Furthermore, fundamental Nordic power system data were obtained
from ENTSO-E [9], Fingrid [55], Finnish Energy Authority [56], and
utility websites. Additionally, essential technical information related to
power plants and commodity prices were gathered from diverse research
articles and reports.

Solar, onshore wind, offshore wind, run-of-the-river hydro, and
pumped hydro are aggregated as one generator per technology per
bidding zone. These hydro reservoirs were set to recycle, i.e., the
reservoir levels at the end of the optimisation horizon (end of each year)

Schedule

LT

thermal plant
n Optimise the
ﬂ horizon using

maintenance . S
schedules * Electricitydemand optimisationin Fl
* Powerplants + EV
- installed capacities EV charging pattern
technical properties No. of EV »
A 5 Other EV properties
load duration * Fuelprices

curves blocks ¢
prices

T
Optimise hourly .
dispatch

(NTC)

CO2 emissionrates and

* Hydroreservoirlevels
Transmission capacities .
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* Historicaldata (2007-2016)
Electricitydemand
Solargeneration profile
Wind (onshore, offshore)
generation profiles
Hydro reservoirinflows
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Fig. 3. Modelling flowchart. 15 bidding zones are represented in layers, FI, SE1, SE2, SE3, SE4, NO1, NO2, NO3, NO4, NO5, DK1, DK2, EE, LV, LT (for abbreviations,

see Fig. 1).
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need to match the initial values (beginning of each year). Hydro reser-
voir levels (initial, minimum and maximum reservoir levels) are based
on the average storage values at the beginning of the year, based on
2016-2023 data [9]. The modelling in this study uses solar and wind
profiles, and hydro inflow profiles for each Nordic and Baltic bidding
zone, from the period 2007 to 2016.

Electricity demand for all the bidding zones by 2024 is based on
ENTSO-E [9] demands. Electricity demands by 2030 are determined
based on the Ten-Year Network Development Plan (TYNDP) [57] and
NEPC [54]. Historical demand profiles for each Nordic and Baltic bid-
ding zone from 2007-2016 are used in this study. Since the main focus of
the model is on Finland, electricity demand for the Finnish heating
sector is modelled separately (Section 3.4). Similarly, Power to
Hydrogen and Electric Vehicle demand are modelled separately for
Finland (Sections 3.5 and 3.6). For other bidding zones, these demands
are included in the total demand of the bidding zones.

The historical datasets from 2007-2016 (electricity demand profiles,
solar and wind generation profiles, and hydro inflows) were sourced
from the Pan European Climate Database (PECD) [58]. By incorporating
this historical data, the model simulates variations in power demand,
hydrological conditions, and renewable energy generation. This
approach allows the modelling to capture a wide range of potential
weather-related impacts on electricity market dynamics and price
fluctuations.

The installed capacities of fossil fuel, nuclear, hydro and wind power
plants by 2030 are shown in Table 1. Solar PV installed capacities and
electricity demand levels for 2024 and 2030 are shown in Table 2.

Electrification in the heating sector

The expected transformation of Finland’s District Heating (DH)
sector is modelled based on an analysis of Koivunen [59]. Respective
electric boilers, heat pumps, heat only boilers and CHP maximum ca-
pacities used in the model are described in Table 3. Electric heating in
individual homes is included in the total electricity demand (Table 2).
Fig. 4 shows the simulation results of the electricity demand in district
heating calculated as the mean of weather years 2007-2016.

Power to Hydrogen

Green hydrogen (hydrogen generated using renewable electricity)
production in Finland is modelled separately within this model. The
minimum annual hydrogen production in 2030 is assumed as 11,000 TJ
(approximately 3,055 GWh), and an electrolyser capacity of 500 MW in
the model. According to the NECP 2024, Finland aims to supply 10% of
the EU’s green hydrogen demand [16]. However, considering the cur-
rent installed electrolyser capacity, as well as planned and delayed
hydrogen production projects [20], a 500 MW electrolyser capacity by
2030 was considered a reasonable assumption for Finland. The effi-
ciency of electrolysers is assumed as 70%. Thus, hydrogen production is
required to operate with about 8700 full load hours, and the model fo-
cuses on the part-load during the most expensive hours. Fig. 5 shows the
modelling results of the electricity demand in power-to-hydrogen

Table 1
The Nordic and Baltic installed generation capacities in 2030, as assumed in this
study [GW] [54].

Technology FI SE NO DK EE LT LV
Nuclear 4.39 6.9 - - - - -
Wind onshore 10 24 5.7 1.3 2 0.3
Wind offshore 1 1.8 7.7 1 2.1 0.7
Hydro 3.2 13.0 28.9 - - 2 1.4
0il - 0.6 - - - - -
Gas - 0.12 0.7 - 0.7 0.75 0.28
Oil shale - - - 1.75 -
CHP 5.25 - - 7.3
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Table 2
Base case solar installed capacities and demands used in the model for 2024 [9]
and 2030 [49,52].

Bidding Solar Installed ~ Solar Installed  Electricity Electricity

Zone Capacity 2024  Capacity 2030  Demand 2024 Demand 2030
[GW] [GW] [TWh] [TWh]

DK1 2.7 129 22 34

DK2 0.9 4.7 14 21

EE 0.8 1.2 8 9

FI 1.1 5.8 85 105*

LT 1.1 5 12 18

LV 0.3 0.5 7 10

NO1 0.2 0.9 35 45

NO2 0.2 0.9 36 47

NO3 0 0 28 32

NO4 0 0 21 25

NO5 0.2 0.9 17 21

SE1 0 0 11 11

SE2 0 0 16 20

SE3 2.5 7.9 85 103

SE4 0.6 2.1 22 28

“ Does not include the EV, Electricity demand in district heating and Power-to-
Hydrogen demand in Finland

Table 3
Heat plants, electric boilers, large heat pumps and CHP maximum capacities in
the Finnish DH sector.

Heat category Maximum capacity by 2024 Maximum capacity by 2030

(GW) (GW)
Electric Boilers 0.38 2.27
Heat pumps 0 0.7
Heat only 14.96 14.96
Boilers
CHP DH 3.10 2.71

calculated as the mean of the weather years 2007-2016.

Electric vehicles

As of October 2024, Finland’s electric vehicle (EV) fleet comprised
109,000 battery electric vehicles (BEVs), 161,000 plug-in hybrid electric
vehicles (PHEV), and 5,000 other EV types, including BEV and PHEV
vans, trucks, and buses [60]. Since passenger cars dominate the EV
category, EV demand was modelled primarily by grouping all BEVs and
PHEVs into a single category, totalling 270,000 in 2024. According to
Finland’s National Energy and Climate Policy [16], the total number of
BEVs and PHEVs is expected to reach 925,000 by 2030, alongside 2,400
electric trucks. Based on this, the total EV fleet by 2030 was assumed as
925,000 in Finland.

EV charging patterns are modelled based on an analysis from [61].
EV properties, including average energy consumption (0.22 kWh/km),
battery size (96 kWh), and charging power (11 kW), are based on the
currently available EVs [62]. EV charging is optimised based on the
driving patterns and properties. The present vehicle-to-grid (V2G)
infrastructure limitations and technical constraints within the EVs are
likely to limit significant energy discharge by vehicles. Given that 2030
is only five years from now, bidirectional charging is unlikely to play a
significant role. Thus, V2G was excluded from this model. Fig. 6 presents
the modelling results of the electricity demand in power-to-hydrogen
calculated as the mean of the weather years 2007-2016.

Solar PV implementation scenarios developed in this study

Four different solar PV implementation scenarios with different solar
capacities in the Nordic regions were considered. All the scenarios start
from the same fundamental system with linear interpolation for e.g.
wind and solar capacities and power demand between 2024 and 2030.
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Ten independent weather years from 2007-2016 are used for sampling
in the analysis.

Table 4 represents the scenario description in brief. Scenario 1 is the
Base case with the current outlook for solar PV and other fundamentals.
Scenario 2 considers additional solar power capacity in Finland, Sce-
nario 3 considers additional solar expansions in the southern parts of the
Nordics (DK1, DK2, SE3, SE4, NO1, and NO2), and Scenario 4 is a
combination of Scenarios 2 and 3. The solar power increase in the
southern Nordics affects the Finnish electricity market due to the

possibility of importing more cheap solar electricity to Finland. In Sce-
narios 1-4, the solar PV production profile remained as it is, the only
variable being the PV capacities. In Scenario 5, the effect of the PV
production profile on cannibalisation is studied by integrating various
shares of VBPV. Since Scenario 4 is the more extreme scenario with high
solar capacity, Scenario 5 is modelled using Scenario 4, replacing 10%-
40% of total solar capacity by VBPV in 2030. This change resulted a
different production profile due to the production shift from noon to
morning and evening, and a minor (+16 MWh/MWp) change in the total
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Table 4
Description of the scenarios developed in this study.

Scenario Description Installed capacity
in Finland by 2030
(GW)
Scenario 1/Base Case Continue with current policies, 5.8
strategies, and plans
Scenario 2 Additional Solar Capacity 11.6
Expansion in Finland
Scenario 3 Additional Solar Capacity 5.8

Expansion in southernmost Nordic

bidding zones-NO1, NO2, SE3, SE4,

DK1, DK2

Additional solar capacity in Finland ~ 11.6
and southernmost Nordic bidding
zones-NO1, NO2, SE3, SE4, DK1,
DK2

10%,20%,30%, and 40% solar PV
capacity in Scenario 4, replace with
VBPV in Finland

Scenario 4 (a
combination of
Scenarios 2 and 3)

Scenario 5 see Table 5

annual production. Respective conventional solar PV capacity and VBPV
capacity used in Scenario 5 are shown in Table 5. Replacing more than
40% of the solar PV capacity with VBPV would not be realistic by 2030;
thus, such scenarios are not considered in the analysis.

These VBPV profiles are calculated based on the hourly PV produc-
tion profiles of 1 MWp power plants with south-facing monofacial panels
(40° tilt) and VBPV panels in five locations in southern Finland, chosen
to represent the sites of the largest PV plant under construction
(60.82°N, 21.58°E) and the four largest PV plants under permitting stage
(60.98°N, 27.95°E, 62.30°N, 22.38°E, 61.15°N, 22.60°E, 61.49°N,
21.98°E) based on publicly available information [32]. The calculations
were done with commercial PVSyst software, using bifaciality factor of
80% for bifacial panels. For each location, the production was calculated
using the “Generic 700 Wp 36V Twin half-cell” panels and “Generic
1000 kW 70 - 1300 W central inverter” from the PVSyst library. The row
spacing was 8 m for the MPV and 30 m for the VBPV panels. Thus,
replacing MVP with VBPV increases the required land area, but the
sparse row spacing allows dual-use of land to balance the land-use costs.
The average productions from the five locations were used to modify the
national PV production profile.

Using this VBPV profile and conventional PV generation profiles
from 2007-2016 (which are used in the model), VBPV profiles are
calculated for each respective weather sample (2007-2016). Fig. 7
compares the average daily VPBV and conventional PV profile for each
month, representing the weather year 2007.

Methods of quantifying cannibalisation

To study the cannibalisation effect of solar PV, Unit Revenue (UR)
and Capture Rates (CR) are used as indicators. The UR (Eq. (2)) of PV
shows the revenue per generated MWh (unit: €/MWh). The UR of PV
decreases as the solar PV production increases, since the electricity price
decreases during the peak PV production hours. This decrease in UR
shows the average value decrease of a PV-generated MWh in Euros, and
it is referred to as absolute cannibalisation. The CR (Eq. (3)) of PV
compares the UR of PV to the average electricity price. A CR of 100%
means that the UR of solar generation equals the average electricity
market price for the considered period. A CR below 100% indicates that

Table 5
VBPV solar capacities used for 2030 in Scenario 5.

Scenario 5 VBPV capacity (GW) Conventional Solar PV capacity (GW)
10% VBPV 1.16 10.44

20% VBPV 2.32 9.28

30% VBPV 3.48 8.12

40% VBPV 4.64 6.96
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the PV-generated electricity is less valuable than the market average.
The decrease of CR, which indicates how much PV-generated electricity
value drops with respect to the average electricity price in the wholesale
market as the solar penetration increases, is referred to as relative
cannibalisation.

Egs. (2) and (3) calculate UR and CR [57,58]:

8760
h.gh

UR = =L P ©)

1 gh

UR
CR = —ge— 3

?760ph ( )
where

ph is the hourly time-weighted electricity price and

gh is the hourly solar generation.

Based on the model simulation results, cannibalisation impact is
quantified as UR and CR, using the mean of 2007-2016 ten independent
weather years, which alleviates the impacts of any extreme weather
events.

Results

This section describes the results of the scenario analysis. Section 4.1
describes the Electricity consumption of 2030 in the model. Sections 4.2-
4.3 present the results of scenario analysis in detail. The base case pre-
sents the current outlook of the solar capacity, Scenario 2 considers
additional solar capacity in Finland, and Scenario 3 considers additional
solar capacity in the southernmost bidding zones of the Nordics. Sce-
nario 4 presents additional solar capacity in the southern Nordics and
Finland. Section 4.4 discusses the possibility of reducing solar canni-
balisation by integrating VBPV with Scenario 4 (Scenario 5). Section 4.5
shows the role of flexible demand in integrating solar PV, and Section
4.6 discusses the renewable curtailment in the model.

Electricity Demand

Fig. 8 depicts the total electricity demand and consumer demands in
Finland by 2030. Total Electricity demand is 117.2 TWh, which consists
of 101.3 TWh consumer demand, 6.5 TWh electricity demand in DH
(section 3.4), 3.4 TWh Power-to-Hydrogen demand (section 3.5), and
5.1 TWh EV demand (Section 3.6) as represented in Eq. (4). Consumer
demand is the demand from all consumers, including households and
industries. These demands are represented based on the mean of 2007-
2016 weather years, as weather impacts significantly, especially in
electricity demand in DH. In the model, total demand is represented as:

TotalElectricityDemand = Consumerdemand
+ ElectricitydemandinDistrictHeating + EVDemand + Power — to 4
— HydrogenDemand

Fig. 9 illustrates the variation of flexible demand with electricity
price and solar generation in the First week of June 2030 as a repre-
sentative week of summer in general. Electricity prices exhibit fluctua-
tions, with lower prices occurring during periods of high solar
generation. EV demand closely follows this trend, with increased
charging activity during low-price periods, suggesting price-responsive
behaviour. Similarly, DH electricity demand exhibits a similar but less
pronounced pattern, indicating that both EV charging and DH demands
are aligned with lower electricity prices to optimise cost efficiency.

Variation of electricity price and solar generation

Table 6 highlights the seasonal impact of increasing solar capacity on
electricity prices in Finland by 2030. Solar generation peaks in the
second and third quarters, coinciding with the lowest electricity prices.
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demand in district heating, in EVs and in hydrogen production).

The price decline is most pronounced in Scenario 4, where a substantial
drop is observed in Q2 and Q3 (April-September) compared to the Base
case. While Scenario 2 and Scenario 3 show similar price trends in Q1
and Q4, Scenario 2 leads to lower prices in Q2 and Q3. These results
emphasise the inverse relationship between solar generation and elec-
tricity prices, with higher solar penetration driving price reductions,
particularly in summer months.

Table Al presents the average annual electricity prices for all the
modelled regions in 2030. It can be seen that there will still be

significant variations in electricity market prices between the regions,
the Baltic countries having the highest prices and northern Sweden the
lowest.

Fig. 10 shows the average electricity price variation of a day (24h)
from May to September 2030 across four scenarios using 2013 as a
representative weather year. A significant midday price drop is shown,
particularly in Scenarios 2 and 4, where additional solar PV capacity is
deployed. Scenario 4 shows the steepest midday price dip, highlighting
the compounding impact of regional solar deployment. This price
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Table 6

Average hourly electricity price and total solar PV generation in four quarters of the year 2030. (Ql=January-March, Q2=April-June, Q3=July-September,

Q4=0ctober-December).

Scenario Average Electricity Price (€/MWh) Total Solar PV generation (GWh)
Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
Base case 84.87 45.86 44.82 40.97 742 2157 1743 351
Scenario 2 80.76 36.28 33.34 37.47 1485 4317 3488 701
Scenario 3 81.65 42.45 41.24 36.9 742 2157 1743 351
Scenario 4 77.23 31.54 27.8 33.5 1485 4317 3488 701
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Fig. 10. Average hourly electricity price in Finland across scenarios from May to September 2030 (representative Weather year 2013).

depression during the midday hours is a result of the increased solar
generation. During the nighttime, electricity prices are lower due to the
lower demand.

Fig. 11 depicts the variation in solar generation and electricity prices
during the first week of June 2030 as a representative summer week, in
Finland across all four scenarios referring to the weather year 2013. It is
evident that the electricity price fluctuates dramatically during the
weekdays, and fluctuations during the weekends are comparatively

10

lower. In the Base case, the electricity price fluctuates between 20
€/MWh to 85 €/MWh, on average. In Scenarios 2 and 4, the price goes
below 10 €/MWHh. In Scenario 4, prices decline to zero more frequently
compared to Scenario 2. Notably, when the solar generation is high, the
electricity price goes down in scenarios 2 and 4. These factors imply the
impact of solar PV expansion on the electricity price in summer.
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Table 7
CR and UR values for 2030 across all the scenarios. These are calculated based
on the mean of ten weather samples from 2007-2016.

Renewable Energy Focus 56 (2026) 100750

Table 9
Average electricity market price, annual solar revenues, CR and UR for the year
2030 with and without flexible demands.

Scenario Annual Electricity Price (E/MWh) UR (€/MWh) CR (€/MWh)
Base case 53.98 40.98 76 %
Scenario 2 46.80 25.64 55 %
Scenario 3 50.41 35.21 70 %
Scenario 4 42.36 16.95 40 %

Unit Revenues and Capture Rates

Table 7 presents the annual average electricity prices, UR and CR in
2030 across four scenarios calculated based on the modelling results by
using the mean of ten weather samples from 2007-2016. In the base
case, 76% of the average electricity price is captured by solar PV elec-
tricity (CR = 76%), while with additional solar PV capacities (other
scenarios), the fraction that solar electricity captures declines. The Base
case CR and UR indicate a relatively stable current market outlook.
Scenario 2, with additional capacity only in Finland, leads to a moderate
decline. Scenario 3, where solar expands in the southern Nordics, results
in a less severe impact on CR and UR than Scenario 2: in this case, the
cannibalisation results from the electricity import to Finland from the
southern Nordics. However, Scenario 4, where the PV capacity increases
in both Finland and the southern Nordics, causes the sharpest decline
with 40% CR. This indicates that the value of solar PV electricity is less
than half of the annual electricity market price, highlighting the
decreasing value of solar electricity, ie., solar cannibalisation in
Finland.

Impact of bifacial solar panel integration (Scenario 5)

Table 8 compares Scenario 4 with Scenario 5, which includes
different levels of VBPV integration. By 2030, total solar generation
increases from 9,991 GWh in Scenario 4 to 10,754 GWh with 10% VBPV
integration and continues to rise slightly as the share increases. The
annual revenue depicts a notable increase by 14 M€ with a 10% VBPV
share, with each additional 10% share contributing an additional 8-9
M¢€ revenue. While the average annual electricity price remains rela-
tively stable, UR and CR show a modest improvement with higher VBPV
shares. CR increases modestly from 40% in Scenario 4 to 47% with 40%
VBPV. This increase results from the production shift from the noon to
the morning and evening, which provides improved match with the
electricity load and avoids the most severe cannibalisation hours around
noon. Still, the value of solar PV generated electricity is less than half of
the average annual electricity price

Table 8
Scenario 5 results for 2030. These are calculated based on the mean of ten
weather samples from 2007-2016.

Scenario Annual total Total Average UR CR
Generation Annual annual (€/MWh)
(GWh) Revenue electricity
(M€) price (€/MWh)
Scenario 9991 169 42.35 16.95 40
4 %
10% 10754 183 41.41 17.03 41
VBPV %
20% 10805 192 41.14 17.77 43
VBPV %
30% 10856 200 40.82 18.39 45
VBPV %
40% 10906 208 40.62 19.06 47
VBPV %
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Scenario Annual Solar Annual Electricity UR CR
Revenue (M€) Price (€/MWh) (€/MWh)

Base case 205 53.98 40.98 76
%

Base case — No 213 62.91 42.76 68
flexibility %
Scenario 2 256 46.80 25.64 55
%

Scenario 2 — No 257 55.48 25.75 46
flexibility %

Impact of flexible demands

Flexibility in demand plays a crucial role in integrating VRES.
Table 9 shows a comparison of the annual average electricity price,
annual solar revenues, UR and CR with and without flexible demand. In
the no-flexibility case, EV charging, district heating electricity demand,
and power-to-hydrogen demand are treated as fixed loads, meaning they
do not respond to price signals but are instead included in the total
demand. The results indicate that flexibility in demand lowers the
electricity prices and solar revenues while significantly increasing CR in
both the Base case and Scenario 2. However, in practice, it is uncertain
whether EV owners would adjust their charging behaviour as optimally
as modelled. Further research is needed to assess the real-world status
and prospects of demand-side flexibility.

Renewable electricity curtailment

In many parts of the European electricity market, high wind and
solar generation often exceed demand, leading to curtailment. This
model assumes that wind (onshore and offshore) is curtailed before solar
(PV and VBPV) at a market price of -5€/MWh. Solar PV is assumed to be
curtailed at —-20€/MWh. By 2030, across all scenarios, solar generation
in Finland is not curtailed, as electricity prices remain above or at -5
€/MWh. Onshore wind curtailment reaches 853 GWh in the Base case,
1,428 GWh in Scenario 2, 1,091 GWh in Scenario 3, and 2,039 GWh in
Scenario 4 (Fig. 12).

The model is set to curtail wind before solar, reflecting the current
European market behaviour. Large wind turbines can easily reduce
output by adjusting blade angles, while many solar producers lack the
capability or incentives to do so. Residential solar producers, for
instance, often have fixed-price contracts, transmission fees and taxes
that maintain power value despite negative market prices. Additionally,
solar panels degrade under sunlight, encouraging continuous operation
even during low demand.

Discussion

The goal of this study was to evaluate the economic feasibility of
installing extreme amounts of solar PV without economic subsidies. As
many prominent organisations estimate, the current extensive expan-
sion of solar PV installation at utility scale is likely to continue in the
Nordic and Baltic region, raising concerns about the economic viability
on market basis.

The scenario analysis highlights the potential economic challenges
by 2030 due to additional solar PV in Finland. The results indicate that
with increasing solar capacity, electricity prices decline, midday prices
drop further, and evening price peaks become more pronounced, indi-
cating economic concerns. In Scenario 4, by 2030, CR falls to 40% and
UR to 17 €/MWh, compared to 76% and 41 €/MWh, respectively, in the
Base case. These declining CR and UR values with high solar penetration
highlight the diminishing ability to capture market value due to the
oversupply during peak generation hours. The impact of neighbouring



D. Heenatigala Kankanamge et al.

Renewable Energy Focus 56 (2026) 100750

(@)

Wind power (GWh

140 =

100

(®) 1200 -

Electricity Price (EUR/M

)

,_.
S
S

Wh

—
(=3
(=}

Electricity Price (EUR/M

140

©

120
100

@

Electricity Price (EUR/MWh)

TTTTTTTTTTTTTTTTTTTTT
T O N O AN
—_ - = -

T
—

00 —
AN o

week

Wind generation

s Curtailed wind generation

TTTTTTTTTTTTTTTITITT T T T
< o> I\
oo v

Electricity Price (EUR/MWh)

S 0 O O
TS

Electricity Price

Fig. 12. Wind curtailment in 2030 (Weather year 2013) (a) Base case, (b) Scenario 2, (c) Scenario 3 and (d) Scenario 4.

regions on the Finnish energy system is found to be considerable.
Expanding solar capacity in Finland alone (Scenario 2) has a greater
impact on solar CR than expanding capacity only in the southernmost
bidding zones of the Nordics (Scenario 3). However, expanding solar
capacity in both Finland and the Southern Nordics together (Scenario 4)
has a significantly stronger effect on CR than expansion in Finland alone.

As one possibility for improving the economics of PVs, VBPV inte-
gration was analysed. The integration of VBPV in the largest solar ca-
pacity expansions (Scenario 4) was found to provide significantly larger
revenues for PV. The results depict that VBPV would improve produc-
tion by 7-8% and total annual revenues by 8-19%, respectively, with
VBPV shares of 10%-40% in Finland. Since the VBPV profiles used in this
study are based on data from southern Finland, the generation could be
further enhanced with average Finnish VBPV profiles as the generation
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tends to increase at higher latitudes. This means that the average Finnish
VBPV profile could offer slightly better production and revenues than
assumed in this study.

The largest single change on the consumption side in the next years
will be the rapid increase of EVs, and they were modelled with opti-
misation of charging costs, thus supporting the economics of PV. The
flexibility in demand significantly contributes to the electricity price
and, consequently, the solar CR of Finland. However, in reality, the
flexibility of the energy system may differ from the assumptions in this
model. At the moment, many EV owners do not yet adjust their charging
patterns based on electricity spot prices [63].

While this study focuses on Finland, the results underscore the need
to assess the economic viability of solar PV expansion in other Nordic
regions as well. Future research should consider evolving market
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dynamics, increased indirect cannibalisation, and the role of emerging
technologies in supporting large-scale solar PV integration.

Conclusions

The rapid expansion of utility-scale solar in the Nordic region is
expected to continue, raising concerns about market-based economic
viability. This study shows that under the current solar PV outlook,
integrating several gigawatts more PV in Finland requires optimised EV
charging and district heating electrification. An even higher deploy-
ment, modelled in this study as 12 GW in Finland, alongside increased
solar capacity in the southern Nordics, could significantly lower the
Finnish electricity prices and reduce the solar capture rate to 40% by
2030. To adapt to the power market, integrating vertical bifacial PV and
optimising flexible demand, including EV charging, are crucial. The
need for curtailment of variable renewable electricity would also grow
to 1-2 TWh annually. Our analysis highlights the economic challenges of
large-scale solar integration, underscoring the need for timely market
adjustments to sustain solar investments and support the energy
transition.
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Annual average electricity price in all modelled regions in the analysed scenarios 1-4 in 2030, calculated based on the mean

electricity price of ten weather years from 2007-2016.

Bidding Zone Average Annual Electricity Price (€/MWh)
Base case Scenario 2 Scenario 3 Scenario 4

DK1 58.80 58.56 51.13 50.92
DK2 58.05 57.65 50.81 50.41
EE 68.07 66.47 67.45 65.72
FI 53.98 46.8 50.41 42.36
LT 65.26 64.32 64.67 63.66
Lv 68.07 66.47 67.45 65.72
NO1 55.89 55.16 52.02 51.5
NO2 55.99 55.49 52.64 52.27
NO3 38.45 36.27 33.72 32.4
NO4 37.14 34.7 31.71 30.13
NO5 55.90 55.16 52.03 51.51
SE1 33.20 30.48 26.94 24.94
SE2 32.95 30.4 26.19 24.52
SE3 41.69 39.28 35.26 33.54
SE4 42.17 39.86 35.82 34.18

Data availability

The data supporting the findings of this study are available at Zenodo
via DOI : https://doi.org/10.5281/zenodo.14905616

The repository contains hourly electricity price data in the scenarios
analysed in this article. The included data sets are:

Scenarios 1-4 hourly Finnish electricity prices (€/MWh) and solar PV
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generation (MW) across ten weather samples (2007-2016).

Scenarios 1-4 Mean hourly Finnish electricity prices (€/MWh) and
solar PV generation (MW) calculated from ten weather samples
(2007-2016).

Scenario 5 hourly Finnish electricity prices (€/MWh), PV, and VBPV
generation (MW) for each VBPV share (10%-50%) across ten weather
samples (2007-2016).


https://doi.org/10.5281/zenodo.14905616

D. Heenatigala Kankanamge et al.

Scenario 5 Mean hourly Finnish electricity prices (€/MWh), PV, and
VBPV generation (MW) for each VBPV share (10%-50%), calculated
from ten weather samples (2007-2016)

References

[1] Nordic Co-operation, Step up Nordic co-operation to bring us closer to achieving
climate goals, (2023). https://www.norden.org/en/news/step-nordic-co-operati
on-bring-us-closer-achieving-climate-goals (accessed February 29, 2024).

[2] Ministry of Economic Affairs and Employment, Carbon neutral Finland 2035 —
national climate and energy strategy, Ministry of Economic Affairs and
Employment of Finland, Helsinki, 2022.

[3] S. Ministry of Environment, Sweden’s long-term strategy for reducing greenhouse
gas emissions, 2020.

[4] A. Barker, H. Blake, M.D.” Arcangelo, P. Lenain, Towards net zero emissions in
Denmark, 2022. 10.1787/5b40df8f-en.

[5] Norwegian Ministry of Climate and Environment, Norway’s Climate Action Plan
for 2021-2030, 2021.

[6] European Commission, Renewable Energy Directive, (2023). https://energy.ec.eur

opa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rule

s/renewable-energy-directive en (accessed October 23, 2024).

Energifakta Norge, Electricity production, (2023). https://energifaktanorge.no/en

/norsk-energiforsyning/kraftproduksjon/ (accessed January 26, 2024).

[8] E. Almgvist, Statistics and Forecast Q2, 2024. https://swedishwindenergy.com/s

tatistics (accessed October 23, 2024).

ENTSO-E, European Network of Transmission System Operators for Electricity

Transparency Platform - ENTSO-E, ENTSO-E (2024). https://transparency.entsoe.

eu/ (accessed May 16, 2024).

[10] Finnish Wind Association, Wind power in Finland - Suomen Tuulivoimayhdistys,
(2023). https://suomenuusiutuvat.fi/en/wind-power/about-wind-power/
(accessed February 11, 2025).

[11] Lazard, Levelized Cost of Energy, (2024). https://www.lazard.com/research-insigh
ts/levelized-cost-of-energyplus/ (accessed February 12, 2025).

[12] Fingrid, Solar power - Fingrid, (2024). https://www.fingrid.fi/en/electricity-mar
ket-information/solar-power/ (accessed October 18, 2024).

[13] NVE (Norway’s Directorate of Water Resources and Energy), Overview of solar
power in Norway - NVE, (2024). https://www.nve.no/energi/energisystem/solk
raft/oversikt-over-solkraftanlegg-i-norge/ (accessed October 29, 2024).

[14] Directorate-General for Communication, Sweden’s updated National Energy and
Climate Plan 2021-2030, 2024. https://commission.europa.eu/publications/swede
n-final-updated-necp-2021-2030-submitted-2024 _en (accessed October 28, 2024).

[15] Directorate-General for Communication, Denmark’s National Energy and Climate
Plan for the period 2021-2030, 2024. https://commission.europa.eu/publications/
denmark-final-updated-necp-2021-2030-submitted-2024_en (accessed October 28,
2024).

[16] Directorate-General for Communication, Finland’s Integrated National Energy and
Climate Plan : Update, Helsinki, 2024. https://commission.europa.eu/publicatio
ns/finland-final-updated-necp-2021-2030-submitted-2024 _en (accessed October
21, 2024).

[17] Norsk Industri, Energy Transition Norway 2023 A national forecast to 2050, 2023.

[18] Fingrid, Prospects for Electricity Production and Consumption — 2024 Q3, 2024.
https://www.fingrid.fi/globalassets/dokumentit/en/news/prospects-for-future-ele
ctricity-prodution-and-consumption.-fingrids-forecast-q3-2024.pdf (accessed
February 26, 2025).

[19] European Commission, Renewable Hydrogen, (2025). https://energy.ec.europa.
eu/topics/eus-energy-system/hydrogen/renewable-hydrogen_en (accessed
February 13, 2025).

[20] Hydrogen Cluster Finland members, Hydrogen Cluster Finland, (2024). https://h2¢
luster.fi/projects/ (accessed January 2, 2025).

[21] A. Merildinen, P. Puranen, A. Kosonen, J. Ahola, Optimization of rooftop
photovoltaic installations to maximize revenue in Finland based on customer class
load profiles and simulated generation, Solar Energy 240 (2022) 422-434, https://
doi.org/10.1016/j.solener.2022.05.057.

[22] V. Shekar, D. Abraham, A. Cald, E. Pongrécz, Determining the optimal azimuth for
solar-ready buildings: simulating for maximising the economic value of solar PV
installations in Lapland, Finland, Renew. Energy 241 (2025), https://doi.org/
10.1016/j.renene.2025.122357.

[23] H. Rehman, J. Hirvonen, J. Jokisalo, R. Kosonen, K. Sirén, EU emission targets of
2050: costs and CO, emissions comparison of three different solar and heat pump-
based community-level district heating systems in Nordic conditions, Energies
(Basel) 13 (2020), https://doi.org/10.3390/en13164167.

[24] J. Hirvonen, G. Kayo, S. Cao, A. Hasan, K. Sirén, Renewable energy production
support schemes for residential-scale solar photovoltaic systems in Nordic
conditions, Energy Policy 79 (2015) 72-86, https://doi.org/10.1016/j.
enpol.2015.01.014.

[25] A. Merilédinen, J.H. Montonen, A. Kosonen, T. Lindh, J. Ahola, Cost-optimal
dimensioning and operation of a solar PV-BESS-heat pump-based on-grid energy
system for a Nordic climate townhouse, Energy Build. 295 (2023), https://doi.org/
10.1016/j.enbuild.2023.113328.

[26] J. Hyvonen, T. Mori, J. Saunavaara, P. Hiltunen, M. Parssinen, S. Syri, Potential of
solar photovoltaics and waste heat utilization in cold climate data centers, Case
Study: Finland Northern Japan, Renew. Sustain. Energy Rev. (2024) 201, https://
doi.org/10.1016/j.rser.2024.114619.

[7

—

[9

—_

15

[27]

[28]

[29]
[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]
[52]
[53]

[54]

Renewable Energy Focus 56 (2026) 100750

A. Simola, A. Kosonen, T. Ahonen, J. Ahola, M. Korhonen, T. Hannula, Optimal
dimensioning of a solar PV plant with measured electrical load curves in Finland,
Solar Energy 170 (2018) 113-123, https://doi.org/10.1016/j.
solener.2018.05.058.

Solar power to accelerate the green transition in the Nordics | Fortum, (n.d.). http
s://www.fortum.com/newsroom/forthedoers-blogsolar-power-accelerate-green-t
ransition-nordics/solar-power-accelerate-green-transition-nordics (accessed
October 23, 2024).

0X2, OX2 Projects, (2024). https://www.ox2.com/projects/ (accessed May 31,
2024).

Assets and projects - Ilmatar, (n.d.). https://ilmatar.com/assets-and-projects/
(accessed October 23, 2024).

Ilmatar, Assets and Projects -Ilmatar, (2024). https://ilmatar.fi/en/our-sol
ar-farms/ (accessed May 31, 2024).

Motiva, Solar power plants in Finland - Motiva, (2024). https://www.motiva.fi/rat
kaisut/uusiutuva_energia/uusiutuva_energia_suomessa/aurinkosahkovoimalat_su
omessa (accessed February 19, 2025).

S. Kolb, M. Dillig, T. Plankenbiihler, J. Karl, The impact of renewables on
electricity prices in Germany - an update for the years 2014-2018, Renew. Sustain.
Energy Rev. 134 (2020), https://doi.org/10.1016/j.rser.2020.110307.

J.I. Pena, R. Rodriguez, S. Mayoral, Cannibalization, depredation, and market
remuneration of power plants, Energy Policy 167 (2022), https://doi.org/
10.1016/j.enpol.2022.113086.

L. Reichenberg, T. Ekholm, T. Boomsma, Revenue and risk of variable renewable
electricity investment: the cannibalization effect under high market penetration,
Energy 284 (2023), https://doi.org/10.1016/j.energy.2023.128419.

J. Lépez Prol, K.W. Steininger, D. Zilberman, The cannibalization effect of wind
and solar in the California wholesale electricity market, Energy Econ. 85 (2020),
https://doi.org/10.1016/j.eneco.2019.104552.

L. Hirth, What caused the drop in European electricity prices? A factor
decomposition analysis, Energy J. 39 (2018) 143-157, https://doi.org/10.5547/
01956574.39.1.1hir.

A. Zipp, The marketability of variable renewable energy in liberalized electricity
markets — an empirical analysis, Renew. Energy 113 (2017) 1111-1121, https://
doi.org/10.1016/j.renene.2017.06.072.

L. Hirth, The market value of variable renewables. The effect of solar wind power
variability on their relative price, Energy Econ. 38 (2013) 218-236, https://doi.
org/10.1016/j.eneco.2013.02.004.

A.D. Lamont, Assessing the long-term system value of intermittent electric
generation technologies, Energy Econ. 30 (2008) 1208-1231, https://doi.org/
10.1016/j.eneco0.2007.02.007.

J. Winkler, M. Pudlik, M. Ragwitz, B. Pfluger, The market value of renewable
electricity — which factors really matter? Appl. Energy 184 (2016) 464-481,
https://doi.org/10.1016/j.apenergy.2016.09.112.

E. Blume-Werry, C. Huber, G. Resch, R. Haas, M. Everts, Value Factors, Capture
Prices and Cannibalism: Nightmares for renewable energy decision-makers,

J. World Energy Law Business 14 (2021) 231-247, https://doi.org/10.1093/jwelb/
jwab027.

C. Ma, S. Dong, J. Lian, X. Pang, Multi-objective sizing of hybrid energy storage
system for large-scale photovoltaic power generation system, Sustain.
(Switzerland) 11 (2019), https://doi.org/10.3390/sul1195441.

A.H. Schleifer, D. Harrison-Atlas, W.J. Cole, C.A. Murphy, Hybrid renewable
energy systems: the value of storage as a function of PV-wind variability, Front.
Energy Res. 11 (2023), https://doi.org/10.3389/fenrg.2023.1036183.

T.B. Nkwanyana, M.W. Siti, Z. Wang, I. Toudjeu, N.T. Mbungu, W. Mulumba, An
assessment of hybrid-energy storage systems in the renewable environments,

J. Energy Storage 72 (2023), https://doi.org/10.1016/j.est.2023.108307.

E. Bullich-Massagué, F.J. Cifuentes-Garcia, I. Glenny-Crende, M. Cheah-Mané,

M. Aragiiés-Penalba, F. Diaz-Gonzalez, O. Gomis-Bellmunt, A review of energy
storage technologies for large scale photovoltaic power plants, Appl Energy 274
(2020), https://doi.org/10.1016/j.apenergy.2020.115213.

G. He, J. Michalek, S. Kar, Q. Chen, D. Zhang, J.F. Whitacre, Utility-scale portable
energy storage systems, Joule 5 (2021) 379-392, https://doi.org/10.1016/j.
joule.2020.12.005.

B. Viriyaroj, S. Jouttijarvi, M. Jankald, K. Miettunen, Performance of vertically
mounted bifacial photovoltaics under the physical influence of low-rise residential
environment in high-latitude locations, Front. Built. Environ. 10 (2024), https://
doi.org/10.3389/fbuil.2024.1343036.

S. Jouttijarvi, L. Karttunen, S. Ranta, K. Miettunen, Techno-economic analysis on
optimizing the value of photovoltaic electricity in a high-latitude location, Appl
Energy 361 (2024), https://doi.org/10.1016/j.apenergy.2024.122924.

S. Jouttijarvi, J. Thorning, M. Manni, H. Huerta, S. Ranta, M. Di Sabatino,

G. Lobaccaro, K. Miettunen, A comprehensive methodological workflow to
maximize solar energy in low-voltage grids: a case study of vertical bifacial panels
in Nordic conditions, Solar Energy 262 (2023), https://doi.org/10.1016/j.
solener.2023.111819.

Nord Pool, Nord Pool | Day-ahead map, (2025). https://data.nordpoolgroup.co
m/map (accessed May 14, 2025).

Energy Exempler, PLEXOS Energy Modeling Software, (2025). https://www.
energyexemplar.com/plexos (accessed February 19, 2025).

EEX, Futures, (n.d.). https://www.eex.com/en/market-data/power/futures#%7B
%22snippetpicker%22%3A%2220%22%7D (accessed May 29, 2024).

European Commission, National energy and climate plans, 2024. https://commi
ssion.europa.eu/energy-climate-change-environment/implementation-eu-countrie
s/energy-and-climate-governance-and-reporting/national-energy-and-climate-pla
ns_en (accessed December 31, 2024).


https://www.norden.org/en/news/step-nordic-co-operation-bring-us-closer-achieving-climate-goals
https://www.norden.org/en/news/step-nordic-co-operation-bring-us-closer-achieving-climate-goals
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energy.ec.europa.eu/topics/renewable-energy/renewable-energy-directive-targets-and-rules/renewable-energy-directive_en
https://energifaktanorge.no/en/norsk-energiforsyning/kraftproduksjon/
https://energifaktanorge.no/en/norsk-energiforsyning/kraftproduksjon/
https://swedishwindenergy.com/statistics
https://swedishwindenergy.com/statistics
https://transparency.entsoe.eu/
https://transparency.entsoe.eu/
https://suomenuusiutuvat.fi/en/wind-power/about-wind-power/
https://www.lazard.com/research-insights/levelized-cost-of-energyplus/
https://www.lazard.com/research-insights/levelized-cost-of-energyplus/
https://www.fingrid.fi/en/electricity-market-information/solar-power/
https://www.fingrid.fi/en/electricity-market-information/solar-power/
https://www.nve.no/energi/energisystem/solkraft/oversikt-over-solkraftanlegg-i-norge/
https://www.nve.no/energi/energisystem/solkraft/oversikt-over-solkraftanlegg-i-norge/
https://commission.europa.eu/publications/sweden-final-updated-necp-2021-2030-submitted-2024_en
https://commission.europa.eu/publications/sweden-final-updated-necp-2021-2030-submitted-2024_en
https://commission.europa.eu/publications/denmark-final-updated-necp-2021-2030-submitted-2024_en
https://commission.europa.eu/publications/denmark-final-updated-necp-2021-2030-submitted-2024_en
https://commission.europa.eu/publications/finland-final-updated-necp-2021-2030-submitted-2024_en
https://commission.europa.eu/publications/finland-final-updated-necp-2021-2030-submitted-2024_en
https://www.fingrid.fi/globalassets/dokumentit/en/news/prospects-for-future-electricity-prodution-and-consumption.-fingrids-forecast-q3-2024.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/news/prospects-for-future-electricity-prodution-and-consumption.-fingrids-forecast-q3-2024.pdf
https://energy.ec.europa.eu/topics/eus-energy-system/hydrogen/renewable-hydrogen_en
https://energy.ec.europa.eu/topics/eus-energy-system/hydrogen/renewable-hydrogen_en
https://h2cluster.fi/projects/
https://h2cluster.fi/projects/
https://doi.org/10.1016/j.solener.2022.05.057
https://doi.org/10.1016/j.solener.2022.05.057
https://doi.org/10.1016/j.renene.2025.122357
https://doi.org/10.1016/j.renene.2025.122357
https://doi.org/10.3390/en13164167
https://doi.org/10.1016/j.enpol.2015.01.014
https://doi.org/10.1016/j.enpol.2015.01.014
https://doi.org/10.1016/j.enbuild.2023.113328
https://doi.org/10.1016/j.enbuild.2023.113328
https://doi.org/10.1016/j.rser.2024.114619
https://doi.org/10.1016/j.rser.2024.114619
https://doi.org/10.1016/j.solener.2018.05.058
https://doi.org/10.1016/j.solener.2018.05.058
https://www.fortum.com/newsroom/forthedoers-blogsolar-power-accelerate-green-transition-nordics/solar-power-accelerate-green-transition-nordics
https://www.fortum.com/newsroom/forthedoers-blogsolar-power-accelerate-green-transition-nordics/solar-power-accelerate-green-transition-nordics
https://www.fortum.com/newsroom/forthedoers-blogsolar-power-accelerate-green-transition-nordics/solar-power-accelerate-green-transition-nordics
https://www.ox2.com/projects/
https://ilmatar.com/assets-and-projects/
https://ilmatar.fi/en/our-solar-farms/
https://ilmatar.fi/en/our-solar-farms/
https://www.motiva.fi/ratkaisut/uusiutuva_energia/uusiutuva_energia_suomessa/aurinkosahkovoimalat_suomessa
https://www.motiva.fi/ratkaisut/uusiutuva_energia/uusiutuva_energia_suomessa/aurinkosahkovoimalat_suomessa
https://www.motiva.fi/ratkaisut/uusiutuva_energia/uusiutuva_energia_suomessa/aurinkosahkovoimalat_suomessa
https://doi.org/10.1016/j.rser.2020.110307
https://doi.org/10.1016/j.enpol.2022.113086
https://doi.org/10.1016/j.enpol.2022.113086
https://doi.org/10.1016/j.energy.2023.128419
https://doi.org/10.1016/j.eneco.2019.104552
https://doi.org/10.5547/01956574.39.1.lhir
https://doi.org/10.5547/01956574.39.1.lhir
https://doi.org/10.1016/j.renene.2017.06.072
https://doi.org/10.1016/j.renene.2017.06.072
https://doi.org/10.1016/j.eneco.2013.02.004
https://doi.org/10.1016/j.eneco.2013.02.004
https://doi.org/10.1016/j.eneco.2007.02.007
https://doi.org/10.1016/j.eneco.2007.02.007
https://doi.org/10.1016/j.apenergy.2016.09.112
https://doi.org/10.1093/jwelb/jwab027
https://doi.org/10.1093/jwelb/jwab027
https://doi.org/10.3390/su11195441
https://doi.org/10.3389/fenrg.2023.1036183
https://doi.org/10.1016/j.est.2023.108307
https://doi.org/10.1016/j.apenergy.2020.115213
https://doi.org/10.1016/j.joule.2020.12.005
https://doi.org/10.1016/j.joule.2020.12.005
https://doi.org/10.3389/fbuil.2024.1343036
https://doi.org/10.3389/fbuil.2024.1343036
https://doi.org/10.1016/j.apenergy.2024.122924
https://doi.org/10.1016/j.solener.2023.111819
https://doi.org/10.1016/j.solener.2023.111819
https://data.nordpoolgroup.com/map
https://data.nordpoolgroup.com/map
https://www.energyexemplar.com/plexos
https://www.energyexemplar.com/plexos
https://www.eex.com/en/market-data/power/futures%23%257B%2522snippetpicker%2522%253A%252220%2522%257D
https://www.eex.com/en/market-data/power/futures%23%257B%2522snippetpicker%2522%253A%252220%2522%257D
https://commission.europa.eu/energy-climate-change-environment/implementation-eu-countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en
https://commission.europa.eu/energy-climate-change-environment/implementation-eu-countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en
https://commission.europa.eu/energy-climate-change-environment/implementation-eu-countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en
https://commission.europa.eu/energy-climate-change-environment/implementation-eu-countries/energy-and-climate-governance-and-reporting/national-energy-and-climate-plans_en

D. Heenatigala Kankanamge et al.

[55]
[56]

[571

[58]

[59]

Fingrid, Home - Fingrid, (2025). https://www.fingrid.fi/en/ (accessed February
24, 2025).

Finnish Energy Authority, Finnish Energy, (2025). https://energia.fi/en/ (accessed
February 24, 2025).

ENTSO-E, TYNDP Scenario - Updated Electricity Modeling Results, 2022. https://
2022.entsos-tyndp-scenarios.eu/wp-content/uploads/2022/04/220310_Updated
_Electricity Modelling Results.xlsx (accessed May 6, 2024).

ENTSO-E, PAN European Climate Database, 2022. https://www.entsoe.eu/outloo
ks/eraa/2022/eraa-downloads/ (accessed January 29, 2024).

T. Koivunen, S. Syri, Analysis of severe scarcity situations in Finland’s low carbon
electricity system until 2030, Energies (Basel) 17 (2024), https://doi.org/10.3390/
enl7235928.

16

[60]

[61]
[62]

[63]

Renewable Energy Focus 56 (2026) 100750

Number of electric vehicles - Autoalan Tiedotuskeskus, (n.d.). https://www.aut.
fi/en/statistics/vehicle_fleet/number _of electric_vehicles (accessed October 25,
2024).

T. Koivunen, Modelling of a carbon-free Finnish power system School of Electrical
Engineering, 2020. www.aalto.fi.

EV Database, Electrical Vehicle Database, (2024). https://ev-database.org/
(accessed October 28, 2024).

J. Esa, Unique data reveals the strange way Finns charge their electric cars,
Helsingin sanomat (2023). https://www.hs.fi/talous/art-2000009554982.html
(accessed January 20, 2025).


https://www.fingrid.fi/en/
https://energia.fi/en/
https://2022.entsos-tyndp-scenarios.eu/wp-content/uploads/2022/04/220310_Updated_Electricity_Modelling_Results.xlsx
https://2022.entsos-tyndp-scenarios.eu/wp-content/uploads/2022/04/220310_Updated_Electricity_Modelling_Results.xlsx
https://2022.entsos-tyndp-scenarios.eu/wp-content/uploads/2022/04/220310_Updated_Electricity_Modelling_Results.xlsx
https://www.entsoe.eu/outlooks/eraa/2022/eraa-downloads/
https://www.entsoe.eu/outlooks/eraa/2022/eraa-downloads/
https://doi.org/10.3390/en17235928
https://doi.org/10.3390/en17235928
https://www.aut.fi/en/statistics/vehicle_fleet/number_of_electric_vehicles
https://www.aut.fi/en/statistics/vehicle_fleet/number_of_electric_vehicles
https://ev-database.org/
https://www.hs.fi/talous/art-2000009554982.html

	Economic viability of large-scale solar PV implementation in the Nordic power market: Case Finland
	Introduction
	Literature review and novelty of this study
	Methods
	The Nordic and Baltic electricity system
	PLEXOS advanced simulation tool
	Modelling the Nordic and Baltic energy system
	Electrification in the heating sector
	Power to Hydrogen
	Electric vehicles
	Solar PV implementation scenarios developed in this study
	Methods of quantifying cannibalisation

	Results
	Electricity Demand
	Variation of electricity price and solar generation
	Unit Revenues and Capture Rates
	Impact of bifacial solar panel integration (Scenario 5)
	Impact of flexible demands
	Renewable electricity curtailment

	Discussion
	Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgements
	Author contribution statement
	Appendix Author contribution statement
	Data availability
	References


