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The increasing share of renewable energy in Finland highlights the need to utilize existing
electricity grid infrastructure more flexibly and efficiently. The fast growth of wind and solar
power generation has already pushed parts of the grid close to their operational limits, while
the pace of grid reinforcement has not kept up with the speed of renewable deployment.

The objective of this thesis was to examine over dimensioning in renewable power
generating facilities in Finland, focusing on combinations of wind and solar power. Goals
were to analyse the implementation of such systems under potential grid limitations, to
quantify resulting curtailment, and to explore alternative grid connection models that could
enable more flexible integration of renewable energy projects. Thesis combined a literature
review with simulation-based analysis using hourly production data from a ten-year period
2014-2023. Capacity factors, seasonal variation, and production peaks were evaluated to
determine system compatibility, production synergies, and curtailment effects under hybrid
configuration and with the two different connection point.

The results demonstrate that wind and solar power production profiles complement each
other seasonally, contributing to smoother overall generation and more stable grid loading.
However, despite this complementarity, simultaneous production peaks still occur
particularly during sunny and windy spring and autumn periods, requiring curtailment when
combined output exceeds available grid capacity. Simulation results show that balancing the
capacity ratio between wind and solar plants significantly reduces curtailment, improving
utilization of existing infrastructure.
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Uusiutuvan energian kasvu Suomessa korostaa tarvetta hyoddyntdd olemassa olevaa
sdahkoverkkoa entistd joustavammin. Tuuli- ja aurinkovoiman tuotannon nopea kasvu ajaa jo
osia verkosta ldhelle niiden kédyttdrajoja. Vaikka uutta siirtokapasiteettia rakennetaan,
vahvistusten toteutustahti ei ole riittdvd vastaamaan tuotannon kasvunopeutta. Tdméa luo
tarpeen tarkastella vaihtoehtoisia ratkaisuja, joilla uutta tuotantoa voidaan liittdd verkkoon
ilman vélittdmii suuria investointeja.

Diplomityon tavoitteena on tarkastella ylimitoittamista Suomessa, keskittyen tuuli- ja
aurinkovoiman yhdistelmiin. Tyon tavoitteina on analysoida tillaisten jirjestelmien
toteutusta mahdollisten verkkorajoitteiden puitteissa, madrittdd niistd aiheutuva tuotannon
rajoitus sekd tutkia vaihtoehtoisia verkkoliityntdmalleja, jotka mahdollistaisivat uusiutuvan
energian hankkeiden joustavamman verkkoon liittdmisen. Tydssd yhdistettiin
kirjallisuuskatsaus ja simulointipohjainen analyysi, jossa hyddynnettiin tuntikohtaista
tuotantodataa ~ kymmenen  vuoden  ajalta  2014-2023.  Kapasiteettikertoimia,
vuodenaikaisvaihtelua ja tuotantohuippuja arvioitiin jérjestelméiyhteensopivuuden,
tuotantosynergioiden  ja  tuotannon  rajoituksen  vaikutusten  selvittdmiseksi
hybridikonfiguraatiossa ja kahdessa eri liityntépistevaihtoehdossa.

Tulokset osoittavat, ettd tuuli- ja aurinkovoiman tuotantoprofiilit tdydentdvit toisiaan
vuodenaikojen mukaan, mikd edistdd sdhkoverkon vakaampaa kuormitusta. Téstd
tdydentdvyydestd huolimatta samanaikaisia tuotantohuippuja silti esiintyy, erityisesti
aurinkoisina ja tuulisina kevét- ja syyspdivind. Télloin tuotantoa joudutaan rajoittamaan, jos
yhdistetty teho ylittdd sdhkoverkon kéytettdvissd olevan kapasiteetin.
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1 Introduction

Finland’s energy system is inevitably undergoing a transformation, as wind and solar power
have become the most cost-effective and scalable forms of electricity generation in the
country. As a result, the share of renewable energy production is expected to grow
significantly in the coming years. (Fingrid, 2024a) To accommodate this growth, current
operational and technical practices must evolve to make sure that new generation sources

can be connected into the grid efficiently and reliably.

Under the current model, adding new generation or consumption units often necessitates
large-scale, time-consuming investments in grid infrastructure (TEM, 2025). Many
renewable energy sources, particularly wind and solar, are weather-dependent but exhibit
complementary production patterns. This characteristic creates opportunities to utilize
existing and planned grid infrastructure more efficiently, provided that new approaches and
flexibility measures are incorporated into the planning, management, and coordination of

grid connections.

1.1 Purpose, goals and limitations

The purpose of this thesis is to evaluate the current state, development trends, and outlook
of renewable energy production in Finland, with a focus on connecting hybrid power
generating facilities, specifically combinations of wind and solar into the grid. As the share
of renewable energy sources continues to grow, the ability to ensure efficient grid

connections and maximize the use of existing grid capacity is becoming increasingly critical.

The main goal of this thesis is to examine how wind and solar power can be connected to
the grid in areas where capacity has already been reserved, by analysing the required
curtailment and the resulting annual energy losses. The thesis seeks to identify opportunities,
through curtailment assessment, that can be incorporated into the early development stages
of projects, thereby providing a basis for re-evaluating traditional grid connection practices

in favour of more flexible and efficient solutions.



This thesis does not aim to propose a single definitive solution regarding the optimal solar-
to-wind capacity ratio or the most suitable model for a grid connection agreement, but rather
to offer a range of technical and contractual possibilities that developers and grid operators
can evaluate. The focus is on creating a knowledge base that supports informed decision-
making and encourages collaboration between project developers and grid operators to better

align with the evolving needs of the energy system.

This thesis does not include an assessment of the economic impacts, market dynamics, or
system-level grid planning associated with hybrid power plant integration. The focus is
limited to technical feasibility with curtailments and connection model options at the project

level.

1.2 Research methodology

The research begins with an overview of the status and anticipated development of
renewable energy production facilities in Finland, accompanied by an assessment of the
grid’s present condition and projected evolution. This background provides the necessary
context for evaluating how hybrid renewable energy systems comprising both solar and wind
can be integrated into the grid more effectively, considering both single connection point

and separate connection point with flexible connection.

Following this, the research introduces the technologies currently used in wind and solar
power generation. Attention is given to their technical characteristics, operating principles,

and relevance for hybrid configurations.

The research then explores two configurations: first, a hybrid power generating facility,
where wind and solar units are connected at a single grid connection point and second, a
scenario in which wind and solar units are connected at separate points along the same

transmission corridor with flexible connection agreement.

A central part of the research involves simulation-based analysis. Hourly wind and solar
power production is modelled for a ten-year period to evaluate generation patterns, seasonal
variability, and year-to-year consistency. The simulation results form the basis for examining

how well wind and solar complement each other and assessing the potential for synergy in



hybrid systems. This includes an analysis of how much combined generation may exceed

grid connection limits and require curtailment.

In the final phase, the research focuses on grid connection agreement models. Existing
contract models are analysed to identify alternatives to traditional practices, where the
connection capacity is established as a fixed value with the grid operator. The emphasis is
placed on assessing how these alternative models could facilitate more flexible and efficient

integration of new generation under constrained grid conditions.

1.3 Thesis organization

This thesis has been commissioned by ABO Energy Suomi Oy and has been carried out
primarily as an independent literature review supported by simulation-based analysis. The
structure of the thesis is designed to move logically from background and context to

technical evaluation and practical conclusions.

Most of the research, including data gathering and analysis, has been conducted
independently by the author. However, the simulation part, particularly the evaluation of
wind and solar production profiles, was supported by the Site Appraisal department of ABO
Energy’s parent company. In addition, the interpretation and assessment of simulation
results, especially in relation to grid connection feasibility, were reviewed in collaboration

with grid integration specialists within the parent company.
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2 Renewable energy framework

Renewable energy refers to energy sources that naturally replenish and do not deplete over
time. Renewable energy sources include wind and solar energy, geothermal energy (heat
stored beneath the Earth's surface), environmental energy (such as air, surface water, and
wastewater), tidal and wave energy, hydropower, biomass, as well as gases and biogas

produced in landfills and wastewater treatment plants. (Motiva, 2024a)

The use of renewable energy in Finland is influenced by the country's own energy and
climate policy guidelines as well as decisions and directives established at the EU level.
These include the ETS and the renewable energy directive, both aimed at reducing
greenhouse gas emissions. Finland must integrate these frameworks into its energy policy to

align with broader climate objectives. (Motiva, 2024a.)

The aim is to increase the use of renewable energy in accordance with the goals outlined in
Finland's energy and climate strategy and the government program. The target for renewable
energy to account for no less than 51% of final energy consumption by 2030 (Motiva,

2024b).

2.1 European Commission objectives for renewable energy

The European Union has set common climate and energy goals for its member states, which
also shape the framework for Finland’s national policies. The overarching objective of the
EU is to reach climate neutrality by 2050, a legally binding goal defined through the
European Climate Law. To reach this long-term goal, At the EU level, transitional
milestones for 2030 have been defined, most notably a commitment to reduce greenhouse
gas emissions by no less than 55% from 1990 figures. This is part of the "Fit for 55" climate
package, which also includes significant goals for increasing the share of renewable energy.

(EU, 2024)

The EU Renewable Energy Directive (RED) was revised in 2023 to raise the legally binding
minimum share of renewable energy at the EU level to at least 42.5% of total energy

consumption by 2030, with a non-binding aspiration to reach 45%. This represents a
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substantial increase from the previous target of 32%, and it effectively requires a near

doubling of renewable energy deployment within a decade. (EU, 2024)

In addition to the overall target, member states are also required to meet sector-specific
obligations for renewable energy deployment in electricity generation, heating and cooling
and transport. As of 2023, the EU-wide share of renewable energy in final energy
consumption stood at approximately 24.5%, indicating that there is still a considerable gap

to bridge to meet the 2030 targets. (EU, 2024)

Progress varies significantly between countries. Sweden, Finland, and Latvia are currently
leading, each with renewable energy shares exceeding 50%, while several Central European
countries remain below 20%. This disparity highlights the need for tailored national

strategies to meet the collective EU-wide objectives. (EU, 2024)

2.2 Renewable energy framework in Finland

Finland's energy policy targets are strongly aligned with broader climate ambitions. The
Finnish government and parliament have committed to making Finland carbon neutral by
2035. This objective, to become the world’s first fossil-free welfare society, was included in
the government program and later established in law through the Climate Act, which updated
the target year to 2035. Carbon neutrality means that by 2035, Finland’s net greenhouse gas
emissions will be zero, with remaining emissions being offset by carbon sinks. Achieving

this goal places the energy sector in a central role. (Motiva 2024b)

The updated National Energy and Climate Strategy (2022) outlines that the share of
renewable energy in final energy consumption is to reach at least 51% by 2030.
Electrification is to be promoted across all sectors, and electricity generation is expected to
be nearly carbon neutral by the early 2030s, supported by the commissioning of new
renewable capacity. The legislative ban on the use of coal for energy production by 2029 is

another milestone toward this transition. (Motiva 2024b)

Looking beyond 2035, Finland's vision is to become carbon negative, meaning that carbon
sinks would exceed emissions. This would require increasing carbon sequestration in forests
and soils and possibly implementing technological solutions for carbon removal. Political

instruments such as investment subsidies, tax reforms e.g., increased taxation on peat, and
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research funding in areas like hydrogen economy and battery technology are all being used

to achieve these goals.

In summary, Finland's national energy and climate policy is highly ambitious, renewable
energy is being expanded by all available means, fossil-based energy sources are undergoing
a structured phase-out, and the transformation of the energy sector is also seen as an

opportunity for economic renewal.
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3 Electricity production and consumption in Finland

In 2024, Finland's total electricity consumption amounted to 82,744 GWh, while electricity
production totaled 79,563 GWh. This resulted in a net electricity import of 3,181 GWh.
Compared to 2023, total electricity consumption increased by 3,4%, as it had been 80,007
GWh in the previous year as shown in figure 1. The share of electricity produced
domestically increased by approximately 1.6% from 2023 to 2024, allowing Finland to meet
about 96% of its electricity demand with domestic production. During the same period, net
electricity imports rose from 1,700 GWh to 3,200 GWh, increasing their share of total
consumption from 2.2% to 3.8%. (Motiva 2024c)

Electricity Production and Consumption (2023 vs. 2024)

Total electricity production

Net electricity imports

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
GWh

w2024 w2023

Figure 1. Finland's electricity production and consumption

Figure 2 shows that electricity production from fossil fuels amounted to 3,440 GWh in 2024,
a significant decrease of 21.6% compared to the 4,387 GWh produced in 2023. Fossil fuels
represented 4.2% of total electricity production. Nuclear power production reached 32,759
GWh in 2023 and remained high in 2024 at 31,133 GWh, representing a decrease of only
5.0% from the previous year. A significant increase in nuclear power generation was

observed after 2022, as the new Olkiluoto 3 nuclear power plant started commercial
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operation. Nuclear energy accounted for 37,6% of total production in 2024. (Statistic

Finland, 2025)

Renewable energy sources generated a total of 44,810 GWh in 2024, representing a 9.5%
increase compared to 40,926 GWh in 2023. Renewables contributed 54.2% of total
electricity production. Among renewable sources, the largest contributions came from wind
power, which produced 19,585 GWh, followed by hydro power at 14,147 GWh and
renewable fuels at 9,650 GWh. In 2024, solar power generation reached 1,155 GWh,
accounting for 1.4% of total electricity production. In comparison, the 2023 share was 0.9%,
with a generation volume of 716 GWh, representing an annual increase of 61.2%. (Statistic

Finland, 2025)

Supply of electricity by energy sources (2023 vs. 2024)
Renewable energy sources combined
Nuclear power

Fossil fuels and peat combined

Other energy sources

0 5000 10000 15000 20000 25000 30000 35000 40000 45000
GWh

W 2024 w2023

Figure 2. Finland's energy sources comparison

This data highlights Finland's increasing reliance on domestically produced and renewable

energy sources, alongside a notable reduction in fossil fuel usage.

Currently, Finland has reached a stage where the installed capacity of wind power is
significant enough to exhibit signs of cannibalization in the electricity market.
Cannibalization in this context refers to the phenomenon where an increase in the installed
capacity of a specific energy source such as wind power leads to a reduction in its market

value. This occurs because the more wind power is generated simultaneously, the lower the
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electricity price tends to be during high-production periods, thereby diminishing the

financial returns for wind power producers.

3.1 Future insight for electricity production and consumption

According to the Q3 2025 outlook on electricity production and consumption trends by the
Finnish transmission system operator (TSO) Fingrid, the growth in grid connection inquiries
from electricity producers and energy-intensive industrial projects has continued unabated
as shown in figure 3 and figure 4. Fingrid anticipates that by 2030, both electricity production
and consumption in Finland could increase by as much as 50% compared to current levels.
This projection is driven by substantial investments in power-intensive projects, including
electric boilers, with investment decisions exceeding 3 GW. Furthermore, several major
investment decisions regarding data centers have been announced over the past year.

(Fingrid, 2025b)

Projected development of electricity production (TWh) FINGRID
Fingrid estimate, September 2025.
TWh
180 169
160
140
122

o .
100 83 83
R .
60 24
o 13 13
0 2025 2030 2035

Moderate Excellent Moderate Excellent Moderate Excellent
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B Nuclear power Hydro power Solar power [Wind power [l Other thermal power

Figure 3. Fingrid's projected development of electricity production. (Fingrid 2025b)
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Development of electricity consumption (TWh) FINGRID
Fingrid estimate, September 2025.
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Figure 4. Fingrid's Development of electricity consumption. (Fingrid, 2025b)

The industrial sector is experiencing significant development, with grid connection inquiries
totaling over 35 GW (Fingrid, 2024a). Furthermore, data centers currently under
construction, along with those planned in Finland, are expected to substantially increase
electricity consumption in the coming years. Also, Finland's ambitious goal to become a
leading producer of green hydrogen will further increase electricity consumption in the

future.

In terms of renewable energy, the number of wind and solar power project inquiries has
reached approximately 400 GW, while energy storage projects amount to around 10 GW.
These numbers illustrate the scale of interest in expanding Finland’s renewable energy
capacity. In addition to the well-progressing production and consumption projects, Finland
is set to see the establishment of industries, including hydrogen and e-fuels, steel
manufacturing, and battery production. These industries are characterized by high electricity
consumption, but their progress has been slower than Fingrid anticipated in its Q1 2024
outlook. This slowdown is reflected in downward adjustments to projections for wind and
solar power production. The interplay between consumption and production explains this
adjustment, as industrial energy demand directly influences the pace of renewable energy

development. (Fingrid, 2024a)
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3.1.1 Fingrid’s electricity system vision for 2040

Fingrid’s visions are based on connection inquiries for production and consumption as well
as electricity market modeling results. The significant growth in grid connection requests
highlights the ongoing transformation of Finland’s energy system, driven by both renewable
energy development and the electrification of industry. As these projects advance, Finland’s
electricity system will face both opportunities and challenges in balancing production and

consumption while integrating new technologies and industries into the grid.

According to Fingrid’s 2040 electricity system vision, Finland’s energy landscape is
expected to undergo a profound transformation. This change is driven by an increase in
electricity consumption and a simultaneous expansion of renewable electricity production.
These developments will have far-reaching implications for the Finnish electricity system,

particularly in terms of infrastructure, flexibility, and regulatory adaptation.

Electricity demand is anticipated to grow substantially across all scenarios presented. This
growth is largely fueled by industrial electrification, increased use of electric heating
technologies, the emergence of large-scale data centers, and the development of green
hydrogen production. In the most consumption-intensive scenarios, electricity use could
more than double from current levels, reaching up to 261 terawatt hours by 2040. Finland’s
competitiveness in datacenter and hydrogen markets will play a significant role in

determining the exact pace and magnitude of this increase. (Fingrid, 2025a)

At the same time, electricity production is expected to shift further toward weather-
dependent renewable sources. Wind power, particularly onshore, is projected to see the most
significant growth, supported by continued cost reductions and technology improvements.
Solar power is also expected to expand rapidly, benefiting from its complementary
production profile relative to wind. Offshore wind will further diversify the generation mix,
especially along Finland’s western coast. While hydropower will remain a stable source and
nuclear energy may experience slight growth through upgrades or new reactor types,
combined heat and power production is likely to decline, necessitating new solutions for

flexibility and reliability. (Fingrid, 2025a)

This transition will place increasing demands on system flexibility and grid stability. As

variable renewable energy becomes dominant, Finland’s electricity system will need to rely



18

more heavily on storage technologies, flexible consumption and sector integration.
Electrification in transport and heating will also play a key role, especially when coupled

with smart technologies that can respond to market signals. (Fingrid, 2025a)

One of the central challenges in this transformation is the geographical imbalance between
electricity production and consumption. Most new production capacity is expected to be
concentrated in Western and Northern Finland, whereas electricity consumption will grow
most rapidly in the southern parts of the country due to industrial development, urban heating
needs and digital infrastructure expansion. This mismatch requires significant investments
in the north—south transmission capacity, as parts of the grid are already operating near their
limits. The development of new interconnectors, both domestically and internationally, will

be essential for ensuring system balance and reliability. (Fingrid, 2025a)

While the overall growth in electricity demand and renewable generation is likely, it is
depending on the investments made in consumer sectors, that will determine the actual need
for renewable electricity. The energy transition will require extensive collaboration between
regulators, grid operators, project developers and policymakers. Faster permitting processes,
strategic land use planning and long-term investment frameworks will be key enablers of

this development.

In conclusion, the vision for Finland’s electricity system in 2040 reflects a fundamental shift
toward a more electrified, flexible, and renewable-based energy system. Responding to this
shift will demand proactive planning and decisive action to ensure that the electricity grid

can support the growing role of electricity in society and the economy.
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4 Power grids in Finland

The Finnish electricity system consists of power plants, the transmission grid, the
distribution grid, and consumption points. The transmission grid in Finland includes 400 kV,
220 kV and 110 kV power lines, along with the associated substations. Fingrid is responsible
for maintaining this nationwide main grid. Additionally, Finland has electricity
interconnections with Sweden, Norway and Estonia, enabling cross-border electricity trade
and enhancing system stability within the Nordic and Baltic electricity markets. (Fingrid,

2024d)

Figure 5 presents the Finnish transmission grid which comprised approximately 14,500
kilometers of power lines and over 120 substations. Of this total, around 5,400 kilometers
were 400 kV lines, which represent the highest voltage level and serve as the backbone of
the grid, while approximately 7,600 kilometers were 110 kV lines, functioning as regional
grids. Roughly 75% of all electricity consumed in Finland is transmitted through the
transmission grid. The 400 kV grid serves as the main transmission corridor between
different parts of the country, whereas the 110 kV grid connects distribution grids and

smaller generation units to the main grid on a regional level. (Fingrid, 2024d)

In recent years, Finland’s electricity system has undergone significant changes. The capacity
of renewable energy production particularly wind power has grown rapidly, with
development concentrated in Western, Northern and Central Finland, while most of the
electricity consumption remains in the south. For example, the west coast of Ostrobothnia is
emerging as a major wind power hub, with a combined capacity comparable to that of the

Olkiluoto and Loviisa nuclear power plants.

At the same time, electricity consumption in Southern Finland is increasing due to the
electrification of industry, the development of data centers and the growing use of electric
boilers. This evolving production-consumption imbalance is placing growing pressure on
the north-south transmission capacity of the grid. Fingrid has stated that in certain areas, the
transmission grid is operating near its limits until new reinforcements are completed.

(Fingrid, 2024e)
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Fingrid Oy
power transmission network

Figure 5. Fingrid’s electricity transmission network (Fingrid, 2024f)

4.1 Capacity reservation and connection-delaying factors

In Finland, production or consumption capacity cannot be reserved without strong evidence
of project implementation. Transmission and distribution system operators are required to
follow the principle of equal treatment and connection requests are processed in the order of
arrival. In practice, priority is given to projects that meet the requirements set by the TSO.
These requirements typically include a legally valid master plan, legally valid building
permits for both the power plants and any associated substation, as well as an expropriation
permit where applicable. Only once these conditions are fulfilled can the applicant sign a
connection agreement and pay the capacity reservation fee, at which point the agreed

capacity is officially reserved. (Fingrid, 2024g)
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The renewable-energy and carbon-neutrality targets set by the European Union and Finland
place the electricity grid at the heart of the energy transition. However, the ability to connect
new large-scale generation facilities and major consumption units is hindered by several
interlinked constraints. Primarily, the expansion capacity of current grid infrastructure is
limited, when a transmission or distribution grid is already operating near or beyond its
declared capacity, either major upgrades or entirely new infrastructure are required.
According to Fingrid, the north-to-south high-voltage backbone in Finland must be nearly
doubled in ten years, which implies construction of multiple new 400 kV lines (Fingrid,
2025a). As permitting processes and regulatory interpretations evolve, for instance through
the 2025 proposed amendments to the Electricity Market Act in Finland which broaden
build-rights for higher-voltage grids and revise connection-line definitions, the
administrative complexity remains high and transmission-line projects may still take up to a

decade before becoming operational (Licke, 2025).

In Finland, Fingrid has estimated that around 5.2 billion Euros will be invested in the main
grid between 2025 and 2035 to strengthen transmission capacity and enable the clean-energy
transition (Fingrid, 2025c). The distribution-grid operator Caruna estimates that
approximately 1.2 billion Euros in annual investments are required merely to maintain the

pace of electrification and ensure sufficient capacity for new connections. (Caruna, 2025)

Finland’s pathway to meet its 2035 carbon-neutrality goal and contribute to the EU’s 2050
net-zero ambition is conditioned not only on deploying generation and consumption assets,
but critically on synchronized and substantial grid infrastructure development, faster
permitting and expansion processes, supply-chain robustness, and advanced grid-operation
techniques. Without addressing these bottlenecks, many planned renewable energy projects
may face delays, connection back-logs, or underutilization, undermining their contribution

to climate and energy goals.

4.2 Fingrid’s new power fee

Finland’s electricity system is undergoing a rapid transformation. Renewable energy
production is being developed at an unprecedented pace, particularly in regions with
relatively low electricity consumption. At the same time, new electricity-intensive industrial

investments are increasingly concentrated in other parts of the country. This geographical
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imbalance is leading to a significant increase in electricity transmission through the national

grid, not only in volume but also in distance and complexity.

To respond to the ongoing transformation of Finland’s electricity system, Fingrid has
introduced new power fee. The objective of this reform is to align cost responsibility with
the principle of cost causation meaning that new grid-connected projects should bear costs
that reflect the additional burden they impose on the transmission grid. At the same time, the
reform aims to encourage more geographically balanced development of electricity

generation and consumption across the country.

A central element of the reform is the introduction of a regional connection-based power fee,
which complements the traditional direct connection charge. In practice, this fee would apply
when a new connection exacerbates regional imbalances in production and consumption as
shown in figure 6. For instance, if a wind or solar power plant is connected in an area where
electricity production already far exceeds local consumption, the project would be subject to
an additional power fee to help finance the necessary grid reinforcements. Similarly, if a
major electricity consumer such as a factory, data center, or hydrogen production facility is
established in a consumption-heavy region with limited local generation, the same fee

structure would apply. (Fingrid, 2024h)

Production-dominated
Today 70 % of the total
production is located in the
production-dominated areas,
according to 2030 forecast 80 %

Balanced area

Consumption-dominated
Today 50 % of the total
cohsumption is located in the
cohsumption-dominated area,
according 1o 2030 forecast 60 %

Figure 6. Fingrid's connection-based power fee. (Fingrid, 2024h)
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The overarching aim is to allocate grid costs more fairly, discourage grid connections that
intensify transmission bottlenecks, and ensure that each project contributes appropriately to
the resilience and efficiency of the national power system. Ultimately, the reform supports
the long-term goal of minimizing costly grid upgrades and preserving Finland’s status as a

unified bidding zone in the electricity market.
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5 Wind power

Wind power capacity in Finland has grown significantly over the past decade. In 2014,
annual wind power production in Finland was approximately 1,000 GWh, accounting for
1.3% of the country's total electricity production at the time (Bergmann, 2023). By 2024,
annual wind power production had risen to 19,858 GWh, representing 24% of total

electricity production.

Compared to the forecast presented in figure 7, the projected growth of wind and solar power
production has been revised downward in Fingrid’s forecast Q3 2025. In the high
competitiveness scenario, total renewable electricity production for 2030 is now estimated
at 122 TWh, compared to 131 TWh in the previous forecast, and for 2035 at 169 TWh
(previously 175 TWh). Under the moderate competitiveness scenario, total production is
projected to reach 108 TWh in 2030 and 120 TWh in 2035. The downward revision primarily
results from the assumption that part of the previously anticipated Finnish wind power
generation will be offset by increased electricity imports from neighboring countries.

(Fingrid, 2025b)

Wind power FINGRID
Fingrid estimate, September 2024
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Figure 7. Wind power capacity estimation. (Fingrid 2024a)
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Wind power production in Finland is heavily concentrated in Ostrobothnia area and near-
term projections indicate that more projects will be added to this region, as illustrated in
Figure 8. Projects are predominantly located in Western part of Finland due to more
favorable wind conditions, especially along the coastline. Additionally, the region faces
fewer restrictions from the Finnish Defense Forces regarding radar systems compared to
Eastern Finland. Furthermore, improvements to the transmission grid in Western Finland

have already been made and more upgrades are planned to enable new connections.

Central Finland;
30 R

Southern
Ostrobothnia; 31

Northern
Ostrobothnia; 139

Lapland; 44

Ostrobothnia; 45

Figure 8. Top 5 biggest regions, Number of projects. (SURF, 2024a)

The rapid pace of project development in the area poses challenges. New projects may not

be able to connect to the grid until capacity is increased.

In Finland and particularly in the Ostrobothnia areas, wind power project developers face
significant challenges due to intense competition for grid capacity. Grid capacity is allocated
through gird connection agreement (GCA) (Fingrid, 2024b). The requirements that must be
met prior to signing GCA are described in section 4.1. The increasing prevalence of BESS
and solar projects in Finland, which can obtain permits significantly faster than wind power
projects, further exacerbates the situation. The implications of solar and battery projects are

discussed in the subsequent sections.
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5.1.1 Wind power technology

Wind power technology is based on the principle of converting the kinetic energy of moving
air into usable electrical energy. This process begins when wind flows over the acrodynamic
rotor blades, creating a pressure difference between the two sides of each blade. This
pressure difference generates lift, similar to the principle that enables an airplane wing to
fly, causing the rotor to spin around its hub. The rotational motion is transferred through the
main shaft to the drivetrain inside the nacelle, where it is either connected directly to a
generator or passed through a gearbox to increase the rotational speed before reaching the
generator. (Windustry, 2024) Figure 9 illustrates the key components of a wind turbine, each

playing a vital role in this energy conversion process:

e Rotor blades: The rotor blades capture wind energy and transform it into rotational

motion.
e Nacelle: The nacelle house includes the gearbox, generator and control systems.

e Tower: The tower supports the nacelle and rotor at heights optimized for wind
capture. Most towers are constructed from steel however, some models feature

hybrid designs, where the lower section is made of concrete.

e Foundation: The foundation provides the structural stability for the turbine.
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Figure 9. Wind turbine key components. (Windustry, 2024)

Although the development of wind turbines has been significant in recent years, with new
models featuring increasingly higher nominal capacities introduced almost annually, there
are signs that this rapid progression is slowing down. Additionally, the trend in wind farm
design is shifting. Rather than always aiming for maximum power output, the focus is
increasingly on achieving more stable electricity production, even at lower wind speeds. This
approach prioritizes consistency and reliability over peak performance, aligning better with

grid requirements and energy market demands.

5.1.2 Wind measurement

Before a wind farm can be built, the wind conditions at the site must be measured with
sufficient accuracy to ensure reliable energy yield estimates. The most established method

is the use of meteorological masts, typically 80—140 meters tall, equipped with calibrated
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cup anemometers, wind vanes and auxiliary sensors for temperature, pressure and humidity.
Measurements are taken at several heights to capture the vertical wind profile, and the
campaign is usually continued for at least one full year to include seasonal variation.

(Windguard, 2025)

Alongside traditional towers, remote sensing technologies have become an increasingly
important part of wind resource assessment. E.g. LIDAR devices can profile the wind up to
400 meters above ground level without the need for tall structures, allowing faster
installation and often avoiding lengthy permit procedures LiDAR in particular has proven to
deliver results that are comparable to mast-based measurements and is now widely used in
Finland either in combination with a mast or, in some cases, as the only measurement device.

(Vaisala, 2025)

5.1.3 Grid connection

The previous section discussed how wind turbines generate electricity from wind. Once the
electricity is produced, it is typically sold and transmitted to the grid, where it is distributed
to consumers, including households, businesses and industries. However, in the future, large
industrial facilities and wind farms may operate in islanded configurations, where the
electricity generated is delivered directly to the end-user without connecting to the main grid.
For now, the focus will be on the "normal" scenario, where electricity is sold and fed into

the national grid for broader distribution.

Wind farms consist of one or more wind turbines. In Finland there is still space for new wind
farm developments, making single turbine installations relatively rare (SURF, 2024b). Wind
turbines are connected to the grid through a substation, with the turbine capacity and the
number of turbines determining the voltage level of the connection. In Finland, now only the
TSO Fingrid is authorized to operate the 400 kV grid. Therefore, connections at this voltage

level must always be made to a Fingrid-owned 400 kV substation.

For connections at the 110 kV level, numerous distribution system operators (DSOs) in
Finland provide access either directly through substations or via tap-in connections to
overhead lines. Fingrid also owns several 110 kV substations and transmission lines, making

connection at this level an option as well. Fingrid has issued guidelines specifying that power
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plants with a capacity exceeding 250 MW should, for technical reasons, be connected to the

400 kV grid. (Fingrid, 2024b)
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6 Solar power

Solar power has been rapidly gaining popularity in Finland and is becoming one of the key
components supporting the transition to green energy. The growing popularity of
microgeneration facilities and industrial-scale solar plants highlights the increasing adoption
of this technology. However, Finland's climatic conditions present specific challenges for
year-round energy production, requiring innovative solutions to optimize solar power's
contribution to the energy mix. (Skarta, 2024) Currently solar power production in Finland
remains relatively small compared to other technologies. In 2024, solar power accounted for
only 1.4% of the electricity produced and consumed in Finland, totalling 1155 GWh.
However, this represented a significant year-on-year increase of 61.2% (Statistics Finland,
2025). The installed production capacity at the end of 2023 was approximately 1,000 MW,
of which 936 MW came from microgeneration, 50 MW from industrial-scale facilities and
23 MW remained unconnected. Figure 10 illustrates TSO Fingrid's forecast for solar power
growth over the next 10 years. The forecasts have been adjusted downward, as discussed in

Chapter 5.

Solar power FINGRID
Fingrid estimate, September 2024
Capacity (MW) Produced electricity (TWh)
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2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035
Small-scale solar plants Large-scale solar plants
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Figure 10. Solar power capacity estimation. (Fingrid, 2024a)
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In 2024, Finland had 12 industrial-scale solar power projects under construction, with a
combined production capacity of 420 MW. Additionally, a total of 197 projects were in the
pre-study or permitting phase, with a cumulative capacity of 15,705 MW. In Figure 11, green
icons represent operational facilities, purple icons indicate projects under construction,
yellow icons indicate projects in the permitting phase and blue icons indicate those in the

pre-study phase.

Figure 11. Solar power plants on map. (Motiva, 2024d)

As shown in the figure 11, these projects are distributed across Finland, but Southern Finland
emerges as the most advantageous location for project development. This is due to the
region's higher yearly sum of solar irradiation, which enhances production efficiency
(Véisédnen et al., 2019). Furthermore, Fingrid's grid availability on a map in Figure 12
highlights that the area has hundreds of gigawatts of available capacity for new production.
Light grey indicates available connection capacity of less than 1 megawatt while light blue

represents capacity ranging from 1 to 50 MW. Blue corresponds to available capacity
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ranging from 50 to 200 MW. Teal highlights sites with capacity between 200 and 400 MW
and dark teal signifies available capacity exceeding 400 MW.

Figure 12. Grid connections on a map. (Fingrid, 2024c)

Although Finland is still in the early stages of solar power development, solar energy is being
utilized efficiently elsewhere in the world. In 2023, investments in solar photovoltaics (PV)
exceeded those in oil production. In 2023 and 2024 solar PV attracted more investment than
all other electricity generation technologies combined, highlighting its growing dominance

in the global energy transition. (IEA, 2024)

Figure 13 illustrates that solar power 1s expected to grow fourfold over the next decade. Asia
dominates the global PV market, with China projected to account for 50% of the worldwide
growth. This expansion is driven by the availability of low-cost solar modules, which have
significantly reduced the investment barrier for new projects. (Woodmac, 2024) There is
risks included like regulatory and sustainability limitations on land use, long permitting
processes and grid congestions. Risks need to be taken into the account with the need for
better planning, spatial optimization of solar installations and technology developments to
expand potential. (McKinsey, 2023) Additionally, advancements in on-site utilization

technologies, such as energy storage, hydrogen production and synthetic fuels are crucial.
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As with other energy sources, the relationship between electricity consumption and

production remains closely interconnected.

Cumulative global grid-connected capacity by technology, 2023-2033
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Figure 13. Cumulative global grid-connected capacity by technology, 2023-2033. (Woodmac, 2024)

6.1.1 Solar power technology

Energy harnessed from the sun can be categorized into three main types. The first is passive
heating, where solar thermal energy is used to heat buildings without the need for additional
heating systems, thereby reducing the energy demand for heating. The second is solar
thermal energy, where solar power is utilized to heat water. This setup allows solar energy
to heat water and store it in tanks for later use. The third method is PV, where solar energy
is converted directly into electricity. Each of these methods plays a distinct role in utilizing

solar energy effectively. (Motiva, 2024d)

Solar radiation is composed of photons that, when striking a semiconductor material, release
its electrons. This process, where radiation causes electrons to be dislodged from the
material, is known as the photovoltaic effect. Contemporary commercial solar cells, such as
crystalline silicon and thin-film cells, are constructed using two distinct types of
semiconductor materials: p-type and n-type. The Figure 14 demonstrates the operating
principle of a solar cell based on the pn-junction mechanism. The most used semiconductor
material in solar cells is silicon, which is predominantly found in sand. As a raw material,

silicon is virtually limitless in availability. (Motiva, 2024¢)



34

Front Contact

P-N Junction

Back Contact P-type N-type
(Positive) (Negative)
Silicon Silicon

Figure 14. From sunlight to electricity. (BuildingGreen, 2011)

6.1.2 Grid connection

Utility scale solar PV installations consist of PV cells assembled into modules, which are
typically mounted on ground-based panels in either fixed-tilt or tracking systems. These PV
modules convert solar energy into direct current (DC) electricity. Because most grids operate
on alternating current (AC), the DC electricity must be converted to AC using inverters.
There are two main types of inverters used in solar power systems central and string
inverters. Central inverters are larger units capable of handling higher power capacities and
are typically placed in central locations, consolidating electricity from multiple panel groups.
While fewer central inverters are needed per site, this design requires longer DC cable
lengths to connect the panels to the centralized point. String inverters are smaller units
distributed throughout the solar power plant. This decentralized placement results in shorter
DC cable runs, reducing losses and enhancing system reliability. If a single string inverter
fails, only the connected string is affected, while the rest of the system continues operating.

(RatedPower, 2023)
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Once the DC electricity is converted to AC by the inverters, it is routed through a transformer
and substation, where the voltage is increased to the level required for integration into the

grid. The PV system grid connection with central inverter is illustrated in Figure 15.

Utilty Grid
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Transformer

Imverter <+ Meter
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Figure 15. PV system grid connection. (NREL, 2016)
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7 Hybrid power generating facility sharing same connection point

A hybrid power generating facility refers to a facility that combines multiple energy
generation sources, typically wind and solar power into a single grid connection point.
Integrating multiple weather-dependent energy sources, such as wind and solar power, at the
same grid connection point presents an opportunity to improve the efficiency of grid

utilization.

7.1 Advantages

Weather conditions in Finland and across Europe significantly influence the optimal balance
between wind and solar power. In Finland, seasonal variation in solar irradiation is
particularly pronounced, summer brings long bright days with higher solar output, while
winter offers very limited sunlight. In contrast, wind conditions tend to peak during the
autumn and winter months, while summer is typically less windy. As a result, the production
peaks of wind and solar power occur at different times of the year, which is advantageous
for hybrid power plants. This natural complementarity helps smooth overall generation
profiles, improves grid stability, and enhances the efficiency of shared infrastructure such as

grid connections and substations. (AECOM, 2017)

Shared infrastructure offers a significant technological advantage in hybrid power plants. In
Finland, it has been observed that hybrid facilities can utilize land and grid connection points
more efficiently than separate wind and solar power plants. When both generation types are
located within the same area, more production capacity can be connected to the existing grid
without causing overloads, as it is highly uncommon for both the wind and solar components

to produce at their peak simultaneously. (RealSolar, 2024)

In hybrid power plants, capital expenditures (CAPEX) naturally arise from the need to invest
in two separate technologies. However, several synergies can help reduce overall costs. For
instance, only one grid connection point and substation need to be constructed, serving both
wind and solar. Similarly, land acquisition or leasing, as well as preparatory construction
work, can be shared between the two technologies, creating synergies in project development

and site utilization. When implemented as a joint project instead of two separate facilities,
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these efficiencies result in savings not only in CAPEX but also, to some extent, in operational
expenditures (OPEX). Shared staffing, monitoring, and maintenance can partially

consolidate costs, improving the economic viability of the project.

In practice, the grid connection can often be sized based on the peak capacity of the wind
power alone, with the output from the solar power typically fitting within that capacity for
most of the time. This kind of undersized grid connection is technically feasible because
wind and solar power rarely operate at full capacity at the same time. As a result, there is
less need for additional grid infrastructure or dedicated transmission lines for the solar

component. (RealSolar, 2024)

Hybrid power plants also improve the utilization rate of electricity production. The capacity
factor of the overall facility increases as solar panels generate electricity during calm periods,
while wind turbines contribute during dark, windy conditions. This complementary
operation raises the annual capacity factor (MWh per installed MW) of the hybrid plant
above that of either technology operating independently.

7.2 Challenges

While hybrid energy systems combining wind and solar power offer clear environmental
and operational advantages, several challenges limit their large-scale deployment and long-
term profitability. One key challenge relates to system design and optimization. Determining
the ideal ratio of wind to solar capacity is complex, as both generation sources fluctuate
independently according to weather conditions. If the system is not optimally balanced, it
may either underutilize generation potential or require frequent curtailments to protect the

grid from overloads. (Diversegy, 2024)

Another significant challenge concerns maintenance and reliability. Hybrid facilities
integrate both mechanical and electrical systems, wind turbines requiring regular mechanical
servicing and solar arrays needing electrical inspections and inverter management. This
combination increases maintenance frequency and demands multi-disciplinary technical
expertise. A failure or scheduled outage at a shared substation can halt the entire facility’s
output, which makes coordinated maintenance scheduling essential to minimize downtime.

(Diversegy, 2024)
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Economic and market-related uncertainties also play an important role as initial investment
costs for hybrid systems are often higher than for single-technology plants because of the
need for dual generation and control equipment. Moreover, fluctuations in electricity market
prices can reduce the economic benefit of hybrid projects, particularly in regions where solar
power output peaks during periods of lower electricity demand and price, as is typical in
Nordic markets. This volatility requires hybrid developers to adopt advanced forecasting,

hedging, and flexible operation strategies to maintain profitability. (Diversegy, 2024)

7.3 Regulation

The regulatory framework for hybrid power plants is still evolving, and no specific
legislation currently prohibits the integration of wind and solar power at the same grid
connection point. However, permitting processes and grid connection regulations may
present challenges for project developers. Hybrid power plants must comply with grid code
requirements, market participation rules and environmental regulations, which can vary

based on project size and location.

7.4 Existing facilities

There are several hybrid power plant projects under development in Finland, with three
examples presented in table 1 below. In the Joutseno and Puutionsaari projects, wind power
accounts for a significantly larger share of the total capacity compared to solar power. In
contrast, the Kaijansuo project is characterized by a solar power capacity that is more than
twice as large as that of wind power. The hybrid power plant configurations presented below,

combining solar and wind power, do not follow a fixed formula or predefined ratio.

Table 1. Existing hybrid power generation facilities

Joutseno Puutionsaari Kaijansuo
Developer VSB VSB Neova
Wind capacity [MW] 270-410 300 42-80
Solar capacity [MWp] 60 100 178
Land area [ha] 7500 4000 1360
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7.4.1 Joutseno hybrid park

Developed by VSB Uusiutuva Energia Suomi, the Joutseno hybrid power park is in
Pudasjérvi and covers an area of approximately 7500 ha. The wind power section is planned
to include 34 to 51 turbines with a total capacity of 270 - 410 MW. The solar power part,
preliminarily designed for agricultural land, would span about 80 ha with an installed
capacity of 60 MWp. Construction is scheduled to begin in 2028, with commercial operation

expected by 2030. (VSB, 2025a)

7.4.2 Puutionsaari hybrid park

Also developed by VSB Uusiutuva Energia Suomi, the Puutionsaari hybrid power park in
Haapavesi will cover approximately 4000 ha. The wind power component consists of 49
turbines with a combined capacity of about 300 MW. The solar segment is planned to cover
around 160 ha, generating approximately 100 MWp. Construction is set to start in 2025, and
the facility is expected to enter commercial operation between 2028 - 2029. (VSB, 2025b)

7.4.3 Kaijansuo hybrid park

The Kaijansuo hybrid park will be built on a 1360 ha site of which 500 ha are former peat
production areas. The wind power portion includes 6 - 8 turbines with a total output of
around 42 - 80 MW. The solar power component is expected to produce approximately 178

MWhp. Construction is planned to begin no earlier than 2026. (Neova, 2025)
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& Generation facilities with flexible connection

In this thesis, the term "generation facilities with flexible connection" refers to a
configuration where a wind power plant and a solar power plant are connected to the grid at
different points along the same transmission line or between substations and are operated by
different developers/owners. This type of hybrid setup enables shared use of transmission

infrastructure while maintaining separate grid connections and operational responsibilities.

The previous sections have examined the current state and prospects of renewable energy
and Finland’s grid. Based on this information, it is evident that the planning and construction
of renewable energy production facilities have been experiencing significant growth, with
even larger investments expected in the future. This increasing energy volume places new
demands on the development of Finland’s grid to ensure that production facilities can be

integrated as efficiently as possible.

8.1 Advantages

Generation facilities utilizing flexible grid connections can deliver several important
technical and economic benefits. One of the key advantages is the enhanced utilization of
existing grid infrastructure. When two energy sources such as wind and solar have
complementary production profiles, their peak outputs typically occur at different times.
This temporal offset allows their combined output to stay within the limits of a shared grid
connection, thereby minimizing the risk of overloading and reducing the need for costly grid

reinforcements. (NREL, 2021)

Such coordinated generation leads to a more stable and predictable power output, which not
only improves the reliability of electricity supply but also facilitates the integration of
renewable energy into the grid. By maximizing the use of available transmission or
distribution capacity, flexible connections increase the overall efficiency of the grid. (NREL,

2021)

In addition to these technical benefits, flexible grid connections generate added revenue for

transmission or distribution system operators through connection fee and ongoing grid
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service fees. This creates a win-win scenario, where producers gain earlier or optimized

access to the grid, and operators recover costs while supporting renewable expansion.

8.2 Challenges

One of the primary concerns is the risk of overloading the grid connection during
simultaneous production peaks. Although wind and solar power typically complement each
other temporally, there are periods especially during sunny and windy spring or autumn days
when both systems may operate near maximum output. If the shared connection point is not
dimensioned to accommodate these combined peaks, curtailment of one or both sources
becomes necessary, leading to lost renewable generation and reduced economic returns. (Das

etal., 2025)

Another technical challenge is the complexity of control and coordination between wind
turbines and solar inverters. These two systems have distinct operational characteristics and
require unified control strategies to ensure compliance with grid codes. This includes
managing active and reactive power, fault ride-through capabilities, and voltage and
frequency stability. Implementing such integrated control systems demands advanced
automation and real-time monitoring infrastructure, which increases capital and operational

costs. (Das et al., 2025)

It is also worth noting that some of these technical challenges are closely linked to regulatory
conditions, such as allowable connection capacities, curtailment rules, and grid service

obligations. These regulatory aspects are addressed in more detail in Section 8.3.

8.3 Regulation

While the current grid connection framework is intended to provide equal access to all
applicants, in practice it often creates barriers for new generation projects. In both European
and Finnish contexts, Grid capacity is typically allocated to the project that first obtains all
legally valid permits required for grid connection. Once the transfer capacity of a grid
segment has been fully committed, subsequent applicants are required to wait for gird

reinforcements. Fingrid has acknowledged that parts of the Finnish main grid are effectively
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“sold out” before planned reinforcements are completed, indicating that existing procedures
do not allow new connections in areas where available transmission capacity is exhausted.

(Fingrid, 2024h)

According to WindEurope, similar challenges are observed across Europe, where faster-
permitted and smaller-scale solar PV projects are often able to secure grid capacity ahead of
larger wind developments. As a result, solar projects can occupy available connection points,
forcing wind power projects, whose development timelines are typically longer, to wait for
additional grid upgrades. This situation is particularly inefficient because wind and solar
power are naturally complementary in their production profiles, meaning that coordinated
connection planning could enable better utilization of shared grid infrastructure. However,
under the current connection queue framework, such complementarities are not fully

exploited, leading to suboptimal use of existing grid capacity. (WindEurope, 2024)

A key regulatory reform currently under preparation in Finland aims to address grid
connection bottlenecks through the introduction of permanent flexible connection
agreements under the amended Electricity Market Act (Sdahkomarkkinalaki). The new
provisions, proposed in Sections 20 b and 20 c of the law, would allow transmission and
distribution system operators to establish flexible connection contracts on a voluntary basis
between the grid operator and the connecting party. (Finlex, 2025) These agreements would
enable generation or consumption facilities to connect to the grid even in areas where
transmission capacity is limited, provided that the customer accepts pre-defined curtailment

and flexibility conditions.
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9 Generation profiles

In this section, different wind and solar power generating facility configurations are
examined. The objective is to analyze the production profiles of wind and solar power using
generation data, to evaluate the extent to which curtailment may be required between the
units. The analysis is based on hourly wind and solar production data covering the period

from 2014 to 2023.

To ensure transparency and avoid the inclusion of any confidential commercial data, the
solar power production data was sourced from the publicly available platform
Renewables.ninja. Wind power production data, on the other hand, is based on actual
measurement data and site-specific simulations from the years 2014 to 2023. The

measurement site is in southern Finland, within a consumption-dominant region.

In the wind power production data, wake losses have not been considered when scaling the

output to reflect a full wind farm.

9.1 Solar dataset

The data used for solar simulations are sourced from publicly available platforms, which
eliminates the need for classification or confidentiality restrictions. The objective of the
research is to conduct a high-level estimation of potential curtailment needs, for which open-
access data sources are sufficiently accurate. Specifically, the thesis utilizes openly

accessible MERRA-2 reanalysis data provided through the Renewables.ninja platform.

MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications, Version 2)
is a global meteorological reanalysis dataset produced by NASA and used extensively in
energy system modeling. It combines observations with numerical weather prediction
models to estimate atmospheric variables over time and space. MERRA-2 is particularly
valuable for renewable energy studies due to its hourly temporal resolution and long-term
global coverage, making it suitable for simulation-based analysis of variable renewable

energy sources such as solar and wind power. (Pfenninger et al., 2016)
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One of MERRA-2’s main advantages are its consistent data structure and completeness,
which contrasts with satellite-based datasets that may suffer from missing or inconsistent
values, especially in earlier years. It offers hourly irradiance data at a spatial resolution of
approximately 50 x 50 km across Europe. MERRA-2 also incorporates space-based aerosol
observations, improving the accuracy of solar radiation modeling compared to its

predecessor MERRA. (Pfenninger et al., 2016)

The performance of MERRA-2 for simulating PV power output has been evaluated by
comparing simulation results with actual measured PV production from over 1,000 real-
world installations across Europe. The research found that MERRA-2 tends to slightly
overestimate PV output, which is consistent with prior literature and attributed to limitations
in cloud modeling and spatial resolution. Nevertheless, MERRA-2 was found to be more
suitable than satellite data (like SARAH) for long-term and large-scale simulations,

particularly due to its greater stability and fewer gaps in the dataset. (Pfenninger et al., 2016)

9.1.1 Solar dataset location

When selecting the coordinates for the solar dataset location, no detailed site-specific
feasibility assessment for a potential solar farm was conducted. Instead, the choice was
guided primarily by the area’s favorable solar irradiation levels, ensuring that the dataset
would be representative of good solar production conditions in Finland. In addition, the
selected location lies within a consumption-intensive region, as discussed in Section 4.2.
This also means that, under upcoming market and regulatory conditions, the potential power
fee 1s not expected to have an impact on the economic viability of production projects in the

arca.

9.1.2 Solar power input data

To simulate hourly data, certain technical assumptions had to be made regarding the solar
power system configuration as shown in table 2. These include choices related to the
installed capacity of the plant, system losses, tracking method, tilt angle, and azimuth
orientation. System losses were not included in the simulation, as estimating real-world

losses involves multiple factors, such as technical system losses (from inverters, cabling, and
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transformers) and environmental losses (such as shading, dust, dirt, or snow coverage). In
addition, the degradation of solar panels over time reduces output, but this factor was also

excluded from the analysis.

Solar PV systems are always subject to various losses, but for the purposes of this research,
wind and solar power plants were treated as idealized systems. Snow-related losses are
difficult to predict due to annually varying weather conditions and uncertainty over whether
snow removal is included in maintenance practices, or whether the site uses tracking systems

that could help shed snow from panel surfaces.

Table 2. Values used in the solar power production simulation

Input data Values

Location Southern Finland
Dataset MERRA-2
Capacity 16-80 MW
System loss 0

Tracking None

Tilt 30°

Azimuth 180° (south)

9.2 Solar power data analysis

This section discusses the characteristics and patterns of recurrence identified in the hourly
solar production data collected for the period 2014-2023, based on the simulation parameters
described in the previous section. The aim is to evaluate the consistency and variability of
solar energy production over time and to establish a reliable foundation for further hybrid

system analysis.

The following subsections present key indicators derived from the dataset. First, the annual
full-load production hours between 2014 and 2023 are examined to assess the timing and
regularity of maximum generation periods. This is followed by a review of the annual
capacity factors for the same period, highlighting the year-to-year variability and overall

efficiency of solar generation.

Next, the analysis turns to average monthly full-load hours, calculated across the entire

2014-2023 period, to identify recurring seasonal trends. Finally, the monthly average
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capacity factors for the years 2014—2023 are presented to illustrate the seasonal distribution
of solar production and the contribution of each month to total annual output. Together, these

analyses offer view of solar generation behaviour in Finnish conditions

The variability of the results was evaluated using the standard deviation, a statistical
indicator that describes how much the individual data points deviate from the mean value.
A small standard deviation suggests that the data points are clustered closely around the
average, while a large standard deviation indicates greater dispersion and wider fluctuations
within the dataset. It is widely used to assess variability, compare the stability of different
datasets, and evaluate uncertainty in forecasts or measurements. In the context of renewable
energy production analysis, standard deviation can be applied to describe the variability of
production peaks over time, thereby providing insights into the consistency of generation

patterns. (Investopedia, 2025)

9.2.1 Solar power yearly full-load hours 2014-2023

Full-load hours for the solar power were calculated based on hourly production data for the
period 2014 - 2023. Full-load hours were calculated by summing the annual hourly
production divided by solar farm nominal power. Figure 16 illustrates the yearly full-load

hours in blue and the average value with an orange dashed line.
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Figure 16. 2014-2023 Yearly full-load solar hours in Southern Finland

From Figure 16, it can be observed that the standard deviation of annual production peaks is
21.88 hours, and the coefficient of variation relative to the multi-year average is 1.98%.
While some variation in annual peak production hours is evident, the output is inherently
influenced by weather conditions. Despite these fluctuations, the degree of consistency and
the relatively low variation indicate that the dataset provides a reliable basis for further

analysis.
9.2.2 Solar power yearly capacity factors 2014-2023

Capacity factors for solar power were calculated from hourly production data covering the
period from 2014 to 2023. For each year, the total actual energy produced was divided by
the theoretical maximum output, obtained by multiplying the plant’s nominal capacity by
the total number of hours in a year. The resulting annual capacity factors are presented in
Figure 17, where the blue line shows yearly values, and the orange dashed line represents

the multi-year average.
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2014 - 2023 Yearly capacity factors
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Figure 17.2014-2023 Yearly solar capacity factors in Southern Finland

9.2.3 Solar power monthly average full-load hours 2014-2023

The average monthly full-load hours for solar power were determined by using monthly
production over the period from 2014 to 2023. For each month, the production values across
all years were averaged to obtain a representative monthly profile as shown in figure 18.
This method provides insight into the typical seasonal variation in solar energy production,

smoothing out year-to-year fluctuations caused by weather variability.
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2014-2023 Average monthly full-load hours
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Figure 18. 2014-2023 Average monthly solar full-load hours in Southern Finland

From Figure 18, the clear seasonal variation in monthly solar power production can be seen.
The results show a pronounced peak during the summer months, corresponding to longer
daylight hours and higher solar irradiation, while production drops significantly during the
winter months. It is important to note that in this simulation, snow-related losses have not
been considered. In practice, snow accumulation on solar panels during the winter can
substantially reduce energy output, particularly in regions like Finland where snow cover

can persist for extended periods.

The absence of snow loss modelling in this analysis means that the simulated production
during winter months likely overestimates actual production. Factors such as the duration
and thickness of snow cover, the inclination and orientation of solar panels, the presence of
tracking systems and maintenance practices like snow removal all influence real-world

performance.

An important observation from the results is that approximately 60% of the annual average
solar energy production occurs during the months of May, June, July and August. This

concentration of production into a relatively short period of the year.
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9.2.4 Solar power monthly average capacity factors 2014-2023

The average monthly capacity factors for solar power were calculated using monthly
production from 2014 to 2023. For each month, the total energy produced was divided by
the theoretical maximum output for that month, obtained by multiplying the plant’s nominal
capacity by the number of hours in the respective month. These monthly capacity factor
values were then averaged across all years to produce a representative monthly profile, as

shown in Figure 19.
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Figure 19. 2014-2023 Average monthly solar capacity factors in Southern Finland

9.3 Wind dataset

For wind power, the measurement data is confidential, and therefore the exact location,
hourly production values, or installed capacity details are not disclosed. The analysis relies
on anonymized and representative simulation data to ensure that proprietary information is

protected while still enabling meaningful technical assessment.
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9.3.1 Wind dataset input data

The wind power production data used in this thesis is based on a combination of real
measurement data and site-specific simulations from the years 2014 to 2023. The
measurement site is in southern Finland, within a consumption-heavy region as shown in

section 4.2.

The simulated dataset assumes idealized conditions and does not include system losses such
as transformer, cable, or grid transmission losses. In addition, wake losses have not been
considered in the scaling of wind farm output. This means that potential reductions in
efficiency due to turbine interactions are not reflected in the results, which may slightly

overestimate total energy production.

Icing losses, which can significantly impact wind production in northern climates, were also
excluded due to their strong dependence on local meteorological conditions and maintenance
strategies. As a result, the simulated wind power output reflects a best-case scenario and
should be interpreted as a theoretical maximum rather than a direct prediction of real-world
performance. Nevertheless, the dataset provides a sufficiently accurate basis for analyzing

the interaction between wind and solar generation in a hybrid system context.

Table 3. Values used in the wind power production simulation

Input data Values

Dataset Met mast data and simulations
Hub height ~169m

Turbine model Vestas V162 6,4 MW

9.4 Wind power data analysis

This section discusses the characteristics and patterns of recurrence identified in the hourly
wind power production data collected for the period 2014-2023, based on the met mast data

and simulation parameters outlined in the previous section.

The following subsections present key indicators derived from the dataset. First, the yearly
full-load hours between 2014 and 2023 are analyzed to determine the timing and recurrence

of high-output periods. This is followed by an examination of the annual capacity factors
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over the same period, which illustrates interannual variability and the general efficiency of

wind generation under Finnish conditions.

The analysis then focuses on average monthly full-load hours, calculated over the 2014—
2023 period, to reveal seasonal production trends typical of wind energy in the region.
Finally, the monthly average capacity factors are presented to demonstrate the seasonal
variation in output and the monthly contributions to total annual production. Collectively,
these analyses provide a comprehensive understanding of wind generation behavior in the
selected location and serve as an input for assessing the potential of hybrid power generating

facilities.
9.4.1 Wind power yearly full-load hours 2014-2023

Full-load hours for wind power were calculated based on hourly production for the period
2014-2023. Full-load hours were calculated by summing the annual hourly production
divided by wind farm nominal power, effectively indicating the number of hours at full-load
equivalent output. Figure 20 illustrates the yearly full-load hours in blue, while the multi-

year average is shown as an orange dashed line.
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Figure 20. 2014-2023 Yearly wind full-load hours
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From Figure 20, it can be seen that the standard deviation of annual peak production hours
1s 189.28 hours, and the coefficient of variation compared to the multi-year average is 5.39%.
Although noticeable year-to-year variability exists reflecting the weather-dependent nature
of wind energy the overall level of fluctuation remains moderate. This indicates that the

dataset offers a consistent and sufficiently stable foundation for further analysis.
9.4.2 Wind power yearly capacity factors 2014-2023

Capacity factors for wind power were calculated using hourly production from 2014 to 2023.
For each year, the total actual energy produced was divided by the theoretical maximum
output, obtained by multiplying the plant’s nominal capacity by the total number of hours in
a year. The annual capacity factor indicates the efficiency of the power plant by expressing
this ratio as a percentage. Figure 21 presents the yearly capacity factors in blue, while the

orange dashed line represents the multi-year average.
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Figure 21. 2014 — 2023 Yearly wind capacity factors
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9.4.3 Wind power monthly average full-load hours 2014-2023

The average monthly full-load hours for wind power were calculated using monthly data
spanning the years 2014 to 2023. For each calendar month, the full-load hour values from
each year were averaged to produce a representative monthly profile. Figure 22 displays the
results, with blue bars showing the long-term monthly averages and the orange dashed line

representing the monthly values for the year 2023.
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Figure 22.2014-2023 Average monthly wind full-load hours

Figure 22 reveals a distinct seasonal pattern in monthly wind power production. The results
show that output is generally higher during the winter months, especially in January and
December, while the lowest production occurs in the summer, particularly in June and July.
This trend reflects typical wind conditions in Finland, where wind speeds tend to be stronger
and more consistent during colder seasons. It is worth noting that the simulation does not

account for potential icing losses, which can affect turbine performance in winter months.
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9.4.4 Wind power monthly average capacity factors 2014-2023

The average monthly capacity factors for wind power were calculated using monthly
production from 2014 to 2023. For each month, the total energy produced was divided by
the theoretical maximum output for that month, obtained by multiplying the plant’s nominal
capacity by the number of hours in the respective month. These monthly capacity factor
values were then averaged across all years to create a representative monthly distribution, as

shown in Figure 23.
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Figure 23.2014-2023 Average monthly wind capacity factors
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10 Hybrid power generating facility curtailments

This section examines how the hourly production data for wind and solar power interact
when combined, with a particular focus on estimating the potential need for power
curtailment. Using the datasets presented in the previous sections, hourly generation profiles
for wind and solar power were aggregated. In these calculations, the grid connection capacity
is dimensioned based on the fixed capacity of the wind farm, which remains constant
throughout the analysis. Only the relative proportion of solar power is varied stepwise,
allowing for the assessment of different hybrid configurations. Although this approach could
also be implemented inversely fixing solar capacity and varying wind the chosen
methodology illustrates the intended analytical concept. The limitations and assumptions
outlined in the previous sections apply equally to the results discussed in this chapter. In all

the results presented below, the production data from the year 2023 has been used as input.

10.1 Combined wind and solar production at different capacity ratios

This section analyses the hourly production profiles resulting from combining wind and solar
power generation at various solar-to-wind capacity ratios. The objective is to illustrate how
changing the proportion of solar generation relative to a fixed wind capacity affects the

potential need for power curtailment and infrastructure utilization.

Figures 24 to 28 below demonstrate the combined hourly production profiles with a constant
wind farm capacity of 80 MW, accompanied by decreasing solar farm capacities of 80 MW,
64 MW, 48 MW, 32 MW, and 16 MW, respectively. The grey bars represent wind
production, the orange bars indicate solar generation, and the blue line shows the combined

output.
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WIND 80 MW + SOLAR 80 MW
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Figure 24. Wind 80 MW and Solar 80 MW

WIND 80 MW + SOLAR 64 MW

E Wind + Solar Combined =Wind & Solar
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Figure 25. Wind 80 MW and Solar 64 MW
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WIND 80 MW + SOLAR 48 MW
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Figure 26. Wind 80 MW and Solar 48 MW
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Figure 27. Wind 80 MW and Solar 32 MW
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Figure 28. Wind 80 MW and Solar 16 MW
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As shown in the figures, higher solar capacity e.g. 80 MW and 64 MW results in frequent
combined generation peaks surpassing the grid connection limit, suggesting higher
curtailment requirements. As solar capacity decreases 48 MW and 32 MW scenarios, these
peaks occur less frequently, leading to improved overall utilization of the grid connection
capacity and a reduction in necessary curtailment. At the lowest examined solar capacity 16
MW, combined production rarely exceeds the fixed connection limit, implying negligible

curtailment.

10.2 Annual energy curtailment

Table 4 shows annual energy production and curtailment analysis for various hybrid system
configurations, comprising a fixed wind farm capacity of 80 MW and decreasing solar
capacities from 80 MW down to 16 MW. Presented are the total yearly energy production
in GWh, the quantity of curtailed energy GWh, as well as the proportions of curtailed

production relative to each energy source separately for wind and solar power.



Table 4. annual energy production and curtailment

60

Wind 80 Wind 80 MW | Wind 80 MW | Wind 80 MW | Wind 80 MW
MW + Solar | + Solar64 +Solar 48 + Solar 32 +Solar 16
80 MW MW MW MW MW

Yearly

production

[GWh] 357,72 325,33 300,13 282,13 271,33

Curtailed

production

[GWh] 8,83 4,05 1,75 0,61 0,11

Curtailment

from yearly

solar

production | 9,81 % 7,04 % 5,41 % 4,24 % 3,11 %

Curtailment

from yearly

wind

production | 3,31 % 1,52 % 0,66 % 0,23 % 0,04 %

Yearly wind

production

[GWh] 267,73 267,73 267,73 267,73 267,73

Yearly solar

production

[GWh] 89,99 57,59 32,40 14,40 3,60

The results presented in table 4 provide insights into the interaction and synergies between
wind and solar generation capacities within hybrid renewable energy systems. Specifically,
the analysis investigates how reducing solar capacity relative to a constant wind farm size
affects both overall production and curtailment requirements. From the results, when both
solar and wind capacities are high 80 MW each, higher curtailment is observed, accounting
for approximately 9.81% of annual solar energy production or 3.31% of wind energy
production. Such levels of curtailment suggest considerable inefficiencies, as portions of the
theoretically available renewable energy must be discarded due to grid connection
limitations. On the other hand, curtailment also occurs when there is an oversupply of solar

or wind power and market prices approach zero.

As solar capacity progressively decreases relative to the wind farm, total annual generation
declines moderately due to the reduced solar input. However, curtailment levels diminish
substantially. Notably, in scenarios where solar capacity is significantly lower such as 32

MW and 16 MW, the curtailed energy becomes negligible, representing less than 0.23% and
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0.04% of wind production, respectively, and approximately 4.24% and 3.11% for solar. This
diminishing curtailment clearly demonstrates improved grid infrastructure utilization,
enhancing overall system efficiency. In these lower-capacity scenarios, production aligns
more closely with available grid capacity, effectively minimizing energy losses due to

infrastructure constraints.
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11 Grid connection agreement models

Integrating new renewable energy projects often faces a bottleneck in grid capacity. In
Finland, grid operators must ensure sufficient local transmission capacity for each new
connection. Traditionally, if the existing grid cannot handle additional power for example,
because one wind project has already reserved all capacity, the newcomer e.g. a solar farm
would have to wait until the grid is reinforced before connecting. This first-come-first-served
firm access approach guarantees capacity to the first project but can delay or prevent
subsequent projects from connecting in a timely manner. Following chapters explores
various grid connection agreement models that could facilitate the integration of new
projects into the grid more effectively, particularly in situations where available capacity is
limited. These alternative approaches are designed to improve the utilization of existing grid

infrastructure, allowing multiple users to connect without waiting for major reinforcements.

11.1 Firm vs. non-firm connection agreements

Firm connection agreements are the default in most countries. Under a firm agreement, the
generator or consumer has a guaranteed right to inject or draw up to a contracted capacity at
any time, except if interrupted for system security or faults. The grid operator plans
reinforcements to accommodate firm contracts, and new applicants may be refused or
delayed until capacity expansions are in place. Firm access provides high reliability and
certainty to the project holding the contract, but it can lead to inefficient use of the grid when
capacity is scarce, essentially locking out other projects even if free capacity might be

available part of the time. (Ceer, 2023)

Non-firm connection agreements deviate from this norm by allowing the grid operator to
curtail or limit the connected capacity under certain conditions. A non-firm also called
alternative or flexible agreement does not always guarantee uninterrupted access. Instead,
the connecting party agrees that in specified scenarios e.g. during grid congestion or an N-1
contingency, their output or consumption can be reduced to maintain system reliability. Such
agreements can be interim or enduring arrangements. (Ceer, 2023) These models increase

the effective connection capacity of the grid by permitting additional users to connect before
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full grid upgrades are in place. In practice, non-firm contracts trade some reliability for faster

or cheaper access.

11.2 Temporary flexible connection

One important model is the temporary flexible connection, used as an interim solution until
grid upgrades are complete. Fingrid has implemented this in cases of local grid constraints.
Under a temporary flexible connection agreement, a new generator is allowed to connect
ahead of reinforcement on the condition that it will reduce output or disconnect quickly if
the grid’s safety margin is breached. In other words, the newcomer accepts a lower level of
supply security, if the local dimensioning fault occurs, the new plant must immediately
curtail or shut off, ensuring that existing customers like the earlier wind farm continue to
receive uninterrupted service. This arrangement is temporary; it only remains in effect until

the grid reinforcement is built and full firm capacity can be granted. (Ceer, 2023)

11.3 Enduring non-firm or conditional connections

While the above flexible connections are temporary, some markets also allow permanent
non-firm access to increase connections without ever building out full firm capacity e.g. if
the cost of reinforcement outweighs the benefits. In these enduring non-firm agreements, the
user is aware that certain grid constraints will lead to curtailment on an ongoing basis, not
just until a future upgrade. For instance, a renewable producer might accept a cap on its
export during peak grid loading or an industrial user might agree to shed load when voltage
or thermal limits are approached. This effectively embeds the resource in an active control
scheme indefinitely. Some European countries have begun to explicitly permit such non-
firm contracts: e.g. Great Britain, France, Hungary, Norway, and Belgium have legal

frameworks that allow non-firm access rights for connecting to the grid. (Ceer, 2023)

11.4 Shared capacity agreements

When multiple projects are in the same area, a shared connection agreement may be an

option. In a shared connection, two or more users jointly utilize one grid connection point or
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capacity allocation, coordinating their usage to stay within a combined limit. This could be
literally sharing a physical grid connection e.g. two plants behind a single substation, or a
virtual sharing of capacity rights in a region. Great Britain’s regulator (Ofgem) considered
shared access in its grid access reform deliberations, for instance, a group of generators might
agree to an aggregated export cap among them, or a wind farm and a co-located battery could

share a connection so that only one of them exports at a time up to the limit. (Ceer, 2023)
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12 Conclusion

The primary objective of this thesis was to investigate over dimensioning in power
generating facilities in Finland, focusing on combinations of wind and solar power. The
research examined its technical implementation through potential power limitations,
assessed the resulting curtailment, and explored alternative grid connection agreement
models that could enable more flexible integration of renewable energy projects. Through
literature review, data analysis, and 10-year simulations, the research successfully met these
goals. The production profile analysis showed that solar and wind generation complement
each other seasonally, which opens new opportunities to use the existing grid infrastructure

more efficiently.

12.1 Key findings

The research was conducted in the context of Finland's rapidly evolving energy system,
where renewable energy plays an increasingly central role. In 2024, Finland’s total
electricity consumption reached 82.7 TWh, while domestic production was 79.6 TWh,
resulting in a modest net import of 3.2 TWh. Renewable energy accounted for more than
54.2% of electricity generation, with wind power producing 19.6 TWh and solar power 1.2
TWh (1.4% of total production). These figures are projected to grow substantially, with wind
and solar capacity expected to expand significantly by 2040, driven by both policy targets
and market developments. Concurrently, electricity demand is forecast to increase rapidly
due to industrial electrification, hydrogen production, and the emergence of large-scale data

centers.

One of the key findings is that grid infrastructure development is unlikely to progress fast
enough to meet the requirements set by climate targets as discussed in section 4.1. As a
result, alternative solutions will be needed to enable the large-scale integration of renewable
energy, such as hybrid power plant concepts, curtailment management, and more flexible

grid connection agreements.

The simulation analysis in this thesis used hourly data over a ten-year period 2014-2023 to

assess production synergies, curtailment potential, and system compatibility in hybrid wind-
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solar configurations. When both wind and solar were sized at 80 MW, annual generation
reached approximately 267 GWh from wind and 90 GWh from solar. However, solar
curtailment approached 10%, or over 8 GWh annually. Lowering the solar capacity to 64
MW reduced curtailment to around 7%, and further down to 5% at 48 MW. At 32 MW,
curtailment approached 4%, while maintaining meaningful contributions to total hybrid
output. These results illustrate that balancing capacity ratios can lead to efficient grid
utilization and minimized energy loss. If curtailment is applied to wind power instead of
solar power, the resulting annual production losses represent a significantly smaller

percentage of generation.

These findings are particularly relevant for distribution grids, where infrastructure is more
limited, redundancy N-1 is generally absent, and radial topologies are common. In such
environments, hybrid configurations and generation facilities with flexible connection,
combined with curtailment-based agreements, offer a practical way to increase hosting
capacity without triggering immediate reinforcement needs. The ability to combine
technologies with naturally offset production profiles helps reduce simultaneous peak
loading, enabling new generation to be connected under controlled conditions. From the
distribution system operator’s perspective, this model allows grid utilization to be improved
while deferring costly upgrades. For developers, it offers an opportunity to proceed with

projects that might otherwise be delayed or rejected.

Another critical conclusion concerns the grid connection models. The thesis does not seek
to define a single optimal model but instead presents a range of alternative frameworks.
Traditional firm-access contracts, where a single project reserves all available capacity, are
increasingly seen as restrictive in systems with high variability and evolving generation
profiles. Furthermore, the current grid dimensioning practice, based on a worst-case scenario
approach, has struggled to keep pace with the speed and volume of project development,

often failing to provide developers with timely and flexible access options

This research supports the adoption of more adaptive models, such as temporary curtailment
agreements, flexible access contracts, and shared capacity arrangements. These models
enable new generators to connect under agreed limitations, such as curtailment during grid
stress events, until reinforcements are completed. Such arrangements represent a pragmatic

and forward-looking alternative to the binary choice of granting firm access or denying
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connection entirely. They provide developers with a clear path to proceed and allow system

operators to make better use of the physical capacity already available in the grid.

While curtailment is always a reduction in available production and should not be considered
ideal, it may be necessary under certain grid constraints to enable the connection of
additional generation. The simulation results suggest that in hybrid systems and generation
facilities with flexible connection, strategic decisions may be required regarding which
technology to curtail when capacity limits are exceeded. In specific scenarios, curtailing
wind may result in a smaller annual energy loss as a percentage of generation compared to
solar. Additionally, although not a primary focus of this research, some consideration may
be given to the fact that wind turbines contain mechanical components subject to wear, and
reduced operation during peak stress periods could have ancillary benefits in extending
equipment lifetime. Ultimately, curtailment decisions must be made in the context of system

constraints, project priorities, and operational goals.

The thesis also makes it clear that the optimal hybrid configuration will depend on project-
specific objectives and site conditions. Developers may prioritize different factors, such as
maximizing output, minimizing curtailment, or fitting within existing infrastructure. Thus,
the thesis provides a range of scenarios with quantified curtailment levels and offers several

technically viable connection models rather than prescribing a single solution.

12.2 Recommendations for future research

This thesis opens several pathways for future research. One important extension would be
the integration of BESS into hybrid configurations. Storage could reduce the need for
curtailment by absorbing excess energy and releasing it during low generation periods or
grid stress events. BESS could also serve as grid support tools by providing synthetic inertia,
frequency regulation, and other ancillary services. Future research could investigate the role
of storage not only as a form of controllable consumption, but also as an active production
component and grid booster. This would include evaluating how batteries can be optimally
dispatched alongside renewable generation to enhance both grid reliability and the economic

value of energy produced.
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Questions such as the ideal control logic, location, and scale of batteries in hybrid systems
should be examined to better understand their impact on curtailment reduction, investment

returns, and system flexibility.

Another promising direction is to investigate the impact of market mechanisms. For
example, future research could compare optimal hybrid system sizing in cases where all
energy is sold under power purchase agreements PPAs versus when some or all output is
traded on the spot market. Incorporating real or modelled spot price data into the simulation

framework could help determine economically optimal capacity ratios.

Technical implementation studies are also needed to assess how curtailment and flexible
access are managed in practice. This includes evaluating the effectiveness and reliability of
control systems, communication infrastructure, and protection schemes in environments
where multiple generation units are connected across different locations and technologies.
A key question is how to ensure fair and enforceable curtailment when several producers

potentially with different owners are using shared grid infrastructure.
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