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Abstract

This paper examines the economic impacts of electricity price volatility on wind
energy capture rates in the Nordic countries—Denmark, Finland, Norway, and Swe-
den—using data from the Nord Pool between 2020 and 2024. It investigates how
price volatility affects the profitability of wind energy projects, focusing on two key
metrics: capture price (the average price received for electricity generated by a wind
farm) and capture rate (the ratio of revenue earned by renewable energy generators
to the market price of electricity). Capture price reflects revenue per unit of elec-
tricity produced, while capture rate indicates wind energy's competitiveness in the
market. As wind energy penetration increases, capture rates tend to decrease due
to market saturation. Countries with advanced grid infrastructure and supportive
policies, such as Denmark and Norway, show higher capture rates, while regions
like Sweden and Finland, with less integrated infrastructure, face economic chal-
lenges. Effective grid management, better storage solutions, and supportive regula-
tions are crucial for optimizing wind energy’s economic performance in the region.
The study also provides insights for policymakers, investors, and stakeholders, em-
phasizing the need for strategic investments in infrastructure and regulation.

Keywords electricity price volatility, wind energy, capture price, capture rate,
Nordic region, renewable energy economics.
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Symbols and abbreviations

Symbols
Bo intercept
B1 regression coefficient
£ error term
G, wind energy generation at time t (MWh)
P, electricity price at time t (EUR)
T total time period
Operators
X sum over index 1

Abbreviations

BESS Battery Energy Storage Systems
CHP Combined Heat and Power

DR Demand Response
EU European Union
FIT Feed-in Tariffs

LCOE Levelized Cost of Energy
NPS Nord Pool Spot (Electricity Market)

PPA Power Purchase Agreements
PSH Pumped Storage Hydropower
REC Renewable Electricity Certificates

RES Renewable Energy Sources
TGC Tradable Green Certificates
VRE Variable Renewable Energy



1 Introduction

The Nordic countries are leading the way in the transition to greener energy,
with an ambitious target to become nearly "fossil free" by 2050 (Sovacool,
2017). To achieve this, these nations have made significant investments in
renewable energy, particularly wind power. Leveraging their abundant natu-
ral resources, robust grid infrastructures, and supportive policies, Denmark,
Sweden, Norway, and Finland have emerged as frontrunners in renewable
energy generation. However, the volatility of electricity prices, influenced by
geopolitical events, seasonal fluctuations, and the dynamics of wind genera-
tion, poses a challenge to the economic sustainability of wind energy projects.

This thesis specifically examines how fluctuations in electricity prices in-
fluence the financial viability of wind energy projects by focusing on key met-
rics: capture price, which is the average price received for electricity gener-
ated by a wind farm, and capture rate, the ratio of revenue earned by renew-
able energy generators to the average market price of electricity. These met-
rics are vital for understanding the profitability of renewable energy projects,
as they reflect the revenue that wind farms earn from their electricity and
their integration into the electricity market. By analyzing data from the Nor-
dic electricity market, this study aims to provide insights into the impact of
price volatility on the competitiveness of wind energy. Additionally, it ex-
plores the role of policy frameworks, infrastructure development, and exter-
nal factors in shaping the economic outcomes of wind energy in Denmark,
Finland, Norway, and Sweden. The findings aim to contribute to the broader
discussion on the economic sustainability of wind energy and offer actionable
recommendations to enhance market integration and investment strategies.

This thesis is organized as follows: Section 2 provides an extensive litera-
ture review, highlighting the main themes and key discussions; Section 3 out-
lines the research methodology; Section 4 presents the research findings,
which are then analyzed in Section 5; and Section 6 concludes the paper, of-
fering insights into the implications for international business and sugges-
tions for future research.

1.1 Research problems

The Nordic countries have a high reliance on renewable energy, particularly
wind and hydro energy. While this reliance is crucial for sustainability, these
energy sources are inherently variable and heavily dependent on weather
patterns. This variability, combined with external factors such as geopolitical
events, fluctuating fuel prices, and changing regulatory policies, makes the
electricity market volatile. In particular, the impact of geopolitical events and



policy frameworks, alongside grid infrastructure, can significantly influence
the profitability and efficiency of renewable energy, particularly wind power.
This study will focus on how electricity price fluctuations, as well as these
external factors, affect wind energy capture rates. The aim is to analyze these
impacts to provide actionable insights that can improve economic stability
and optimize the performance of wind energy in the region.

1.2 Research questions

The research problem can be broken into the following questions:

1. How do electricity price fluctuations, geopolitical events, and policy
frameworks affect wind energy capture prices and capture rates in the
Nordic countries?

2. How does the integration of grid infrastructure influence the eco-
nomic viability of wind energy in the Nordic region?

3. What long-term trends can be observed in the relationship between
electricity price volatility, geopolitical events, and the performance of
wind energy in Denmark, Norway, Sweden, and Finland?

4. How do these impacts differ across Denmark, Norway, Sweden, and
Finland, considering their varying regulatory frameworks and infra-
structure?

1.3 Research objectives

The primary objectives of this research are to analyze how electricity price
volatility, geopolitical events, and policy frameworks influence wind energy
capture rates across selected Nordic countries (Denmark, Finland, Norway,
and Sweden). The study will examine the relationship between wind energy
penetration, grid infrastructure, and capture rates within the region. Addi-
tionally, it aims to investigate the impact of geopolitical events and regulatory
frameworks on the economic viability of wind energy projects. Ultimately,
the research seeks to provide actionable insights and recommendations that
can enhance the competitiveness and economic sustainability of wind energy
in the Nordic region, with a focus on improving market integration and opti-
mizing investment strategies.

1.4 Main concepts and definitions

Capture Price: The average price received for electricity generated by a wind
farm, calculated as the weighted average of electricity prices during the hours
when wind energy is produced (Mills and Wiser, 2012). This metric directly
reflects the revenue earned by wind farms from their electricity output, which



is influenced by market dynamics such as price volatility, policy frameworks,
and the integration of renewable energy into the grid.

Capture Rate: The ratio of revenue earned by renewable energy generators to
the average market price of electricity, indicating the competitiveness of wind
energy in the market (EIFO, 2023). While both market conditions and exter-
nal factors influence the capture rate, it primarily reflects the effectiveness of
wind energy’s market integration and its competitiveness within the energy
market.
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2 Literature review

The study of electricity price dynamics and renewable energy economics in-
volves complex interactions between market design, policy frameworks,
technological innovation, and grid infrastructure. To address these complex-
ities, this literature review focuses on wind energy capture rates—a critical
metric for assessing project profitability—in Denmark, Norway, Sweden, and
Finland. The Nordic countries, with their heavy reliance on renewable energy
sources (RES) including wind and hydro power (Streimikiené, 2024; Ste¢ &
Grzebyk, 2022; Sovacool, 2017), present a unique case for studying the eco-
nomic impacts of electricity price volatility.

Considering the intricate interplay of factors influencing these areas, this
review adopts a gradual narrowing approach, beginning with an overview of
Nordic electricity market dynamics under the Nord Pool system, followed by
temporal trends in electricity prices, and concluding with a focused analysis
of wind energy capture rates. By synthesizing academic studies, industry re-
ports, and policy documents, the review establishes a foundation for evaluat-
ing how volatile prices impact wind energy economic viability.

2.1 Electricity Price in the Nordic Region

Several variables have influenced Nordic power price trends, including mar-
ket integration, energy source use, and transmission capacity limits. Since
2000, the region has operated under Nord Pool, a fully integrated day-ahead
electricity market. Major changes have been made in pricing mechanisms and
market behavior as a result of improved interconnectivity and renewable en-
ergy integration. Halsnaes et al. (2021) has explored the dynamics and chal-
lenges of the Nordic electricity system and market. The study found that the
market is heavily reliant on hydropower. It also highlighted the untapped op-
portunities for climate services by integrating findings from literature re-
views, stakeholder’s needs assessments, and analysis of both historical and
projected data. Its methodology and findings also construct a decent frame-
work for investigating comparable dynamics in the wind energy sector of the
Nordic region.

Competitive pricing and effective energy distribution have been made pos-
sible by the Nordic nation-wide unification into a single electricity market
with a single pricing structure. Transmission limitations, on the other hand,
continue to be a formidable obstacle, leading to locational pricing disparities
due to energy flow bottlenecks. Geographical zones and implicit auctioning,
which seek to balance supply and demand across areas, are used to address
these limits (Nord Pool, 2022d). Notwithstanding these steps, the pricing
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disparities still emphasize how crucial it is to expand transmission capacity
in order to lessen inefficiencies and market distortions (Nordic TSOs, 2024:
Shrestha and Fonseka, 2004; Borenstein et al., 1997). Price patterns are also
impacted by the Nordic nations' differing adoption of renewable energy
sources, especially wind and hydro. In this regard, Norway, with its abundant
wind resources, has faced challenges in expanding wind energy due to polit-
ical uncertainties and the ineffectiveness of renewable electricity certificate
(REC) markets (Blindheim, 2013). In contrast, Sweden's proportion of wind
energy grew from 2.4% in 2010 to 7.3% in 2014, in part due to its emphasis
on alternative energy sources when nuclear capacity was being reduced (IEA,
2014; IEA, 2023; World Nuclear Organization, 2015). Different national pol-
icies, like Denmark's feed-in-tariffs (FITs), which has proven more successful
in encouraging renewable energy than certificate-based programs, also have
an impact on the differences in the adoption of renewable energy (Mitchell et
al., 2006). In general, the complex relationship between energy policies and
power pricing throughout the Nordic region is highlighted by these policy
variations.

2.2 Temporal Trends in Electricity Prices and Renewable
Energy

Seasonal and annual variations in electricity prices play a critical role in shap-
ing the economic outcomes of renewable energy projects. Research has
shown the influence of such external factors as geopolitical crises (e.g., the
Ukraine war) and extreme weather events on electricity prices. For instance,
Michelet (2022), Damien (2023), and Pavlik (2024) observed sharp in-
creases in electricity prices during these crises. Similar patterns are expected
to be observed in the Nordic region.

Moreover, electricity prices and renewable energy adoption are inter-
twined, with temporal trends in both reflecting technological advancements,
policy shifts, and market dynamics. Over the past decades, global electricity
markets have witnessed profound transformations due to the rise of RES, in-
cluding wind, solar, and hydropower. These transformations are particularly
noticeable in regions with ambitious decarbonization goals, such as Europe.
Such policies as the European Union’s 2050 carbon-neutrality target plan to
keep the rise in global temperatures to 1.5°C (European Commission, 2020).

This increasing penetration of variable renewable energy sources (VRE)
has led to notable trends in electricity prices (Rintamaki et al., 2017). Wind
and solar energy, characterized by very low marginal costs of generation, of-
ten depress wholesale electricity prices during periods of high output. This
phenomenon, known as the "merit order effect," occurs when low-cost re-
newable generation displaces more expensive fossil fuel generation in the
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supply stack, then reducing overall market clearing prices (Tveten et al.,
2016). For example, studies of the Nordic energy market, which boasts vast
wind and hydropower resources, have shown substantial reductions in elec-
tricity prices during periods of high renewable energy generation
(Schlachtberger et al., 2017). In fact, Sweden recently recorded 152 hours of
negative electricity in the first half of 2024 (Montel News, 2024a). As well as
that, reductions in nuclear production are also found to affect average annual
electricity prices, which highlights the sensitivity of prices to supply changes
in this in this market (Unger et al., 2017).

The integration of renewables, therefore, introduces greater price volatil-
ity. As VRE generation depends on weather conditions, periods of low wind
or solar output can create supply shortages, driving up electricity prices. Con-
versely, excess generation during peak renewable output cause negative
prices, especially in markets with insufficient storage or transmission capac-
ity. These dynamics accentuate the importance of market flexibility and in-
frastructure investments to stabilize electricity prices while maximizing re-
newable integration (Gogia et al., 2019).

Besides RES integration, wind power forecast and demand forecast errors
also have an impact over the electricity prices. The accuracy of wind power
predictions is pivotal in determining market outcomes, since deviations from
forecasts can lead to imbalances, which, in turn, affect pricing and the need
for market adjustments. For instance, Karanfil and Li (2017) analyzed the
drivers of price differences between the Nordic day-ahead and intraday mar-
kets, focusing on wind forecast errors, conventional generation forecast er-
rors, demand forecast errors, and intraday cross-border electricity flow.
Their study found that wind forecast errors had a significant causal relation-
ship with price differences in Denmark and the intraday market should react
to these forecast errors with the aim of balancing the electricity system effi-
ciently. Schiitz Roungkvist et al. (2020), Spodniak et al. (2020) observed the
same results: Wind power, which accounts for a significant portion of pro-
duction in the Nordic region, complicates efforts to forecast prices accurately
and causing considerable price differences between day-ahead and intraday
markets.

Seasonal variations, policy interventions, and advancements in energy
storage and grid technologies are some of the variables that affect the tem-
poral patterns in electricity pricing. In the Nordic region, since the availabil-
ity of water for hydropower plays a key role in electricity production, seasonal
changes are especially noticeable. Despite being dependent on water availa-
bility, hydropower, which accounted for more than half of Nordic power out-
put in 2019, offers crucial flexibility to offset VRE changes (Tveten et al.,
2016). The necessity for supplemental energy sources to guarantee steady
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electricity rates throughout the year is highlighted by this seasonal reliance
on hydropower.

Temporal patterns have also been significantly shaped by policy frame-
works, such as FITs and renewable portfolio criteria. As renewable capacity
increases, these regulations have encouraged the use of renewable energy,
which has led to times when power costs have decreased. However, when
subsidies are gradually removed, the real cost of renewable energy integra-
tion may lead to higher market-driven price adjustments. (Cochran et al.,
2014).

Advances in energy storage and grid technologies have an even greater
impact on temporal trends. Batteries and other storage devices help to reduce
price volatility by holding excess electricity during periods of high renewable
generation and releasing it during shortages (Masoumzadeh et al., 2017).
Similarly, improved grid linkages allow for cross-border electricity trade,
eliminating price discrepancies and promoting a more balanced energy sys-
tem. The Nordic region's integration via the Nord Pool power exchange
shows the benefits of such coordination, providing a prototype for further
European energy market integration (ENTSO-E, 2018).

To minimize fluctuation in electricity price, demand response (DR), a piv-
otal mechanism in modern energy markets, is applied. This mechanism ena-
bles consumers to adjust their electricity usage based on price signals or grid
conditions. Smart control devices, such as programmable thermostats, smart
meters, and automated load control systems, facilitate this adjustment by
providing real-time data and automation capabilities. Smart thermostats can
cut energy consumption during peak periods by as much as 48% by automat-
ing adjustments and shifting energy use to off-peak hours (Harding and La-
marche, 2016). During peak demand periods, a household equipped with a
smart thermostat can automatically lower its heating or cooling levels to re-
duce electricity consumption. Similarly, businesses may utilize advanced en-
ergy management systems to shift non-essential operations, such as charging
electric vehicle fleets, to off-peak hours when electricity prices are lower.

As more VRE like wind and solar are integrated into the grid, DR provides
the flexibility needed to balance supply and demand, reducing reliance on
expensive peaking power plants. When combined with energy storage tech-
nologies, such as home batteries or large-scale grid storage, demand re-
sponse becomes more effective in addressing fluctuations in electricity prices
and ensuring grid reliability.

Looking forward, the temporal trends in electricity prices will likely con-
tinue to evolve as renewable energy penetration increases. Scenario analyses
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suggest that by 2050, wind generation in the Nordic region could exceed do-
mestic demand, leading to significant exports and reshaping regional price
dynamics (Child et al., 2019). Additionally, the role of flexibility providers,
such as hydropower and energy storage, will become increasingly valuable in
handling price volatility and securing system reliability.

2.3 Wind power and its growth in Nordic region

While the Nordic countries are leaders in renewable energy sources (RES),
the share of wind power varies significantly across the region due to differ-
ences in various key factors, including favorable natural resources, support-
ive policies, technological innovation, and economic incentives.

Denmark has emerged as a global leader in wind energy, largely due to its
early adoption of FITs, community ownership models, and targeted subsidies
that facilitated public acceptance and enabled economies of scale (Skjeerseth
et al., 2023; Hvelplund, 2001). For Norway, although it initially delayed the
adoption of wind energy, the implementation of European Union (EU) cli-
mate targets and the decline in technology costs have led to the development
of offshore wind initiatives such as Sgrlige Nordsjg II. (Skjerseth et al., 2023;
Steggals et al., 2011). Economic incentives such as the Tradable Green Cer-
tificates (TGCs) subsidy scheme and tax exemptions accelerates Swedish
wind energy growth (Idse, 2021). At the same time, abundant wind resources
and low population density offer ideal conditions for its wind power develop-
ment (Kenrick, 2014). In Finland, wind energy deployment gained momen-
tum after 2010, driven by the need to meet EU renewable targets (Duffy et
al., 2020).

Besides regulations, economic incentives, and natural resources, techno-
logical innovation is also an important factor. It can be seen as a key driver
of renewable energy growth, with a unidirectional causality illustrating their
significant role in driving the expansion of wind power across the Nordic
countries (Irandoust, 2016).

According to Ember (2024), as shown in the figure 1, in 2023, Denmark
stands out with wind power accounting for an impressive 57.7% of its elec-
tricity production. In comparison, Sweden follows with 20.9%, Finland at
18.3%, and Norway at 9.7%.
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Figure 1: Share of electricity generated by wind power (Source: Ember,
2024)

2.4 Capture Price, Capture Rate

Assessing the economic viability of wind energy projects, capture price and
capture rate are two critical metrics. Capture Price, sometimes known as
Market Value, refers to the average price received for the electricity generated
by a wind farm over a specific period. Unlike fixed tariffs or Power Purchase
Agreements (PPA), which have predetermined prices, the capture price var-
ies dynamically in response to real-time market conditions and the timing of
electricity generation. The market value (capture price) is calculated as the
weighted average of electricity prices during the hours when wind energy is
generated (EIFO, 2023; Halttunen, 2020; Byrne et al., 2016; Hirth, 2013;
Mills and Wiser, 2012)

EUR - Yioa(PeGy)
Mwr YT G,

Capture Price (

Where:

P, = electricity price at time t (EUR),

G, = wind energy generation at time t (MWh),
T = total time period.
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The capture rate, defined as the ratio of revenue earned by renewable en-
ergy generators to the average market price of electricity (Pavik, 2024; EIFO,
2023)

Capture Price

o ture Rate(0r) x 100
apture Rate(%) Average Electricity Price

Their importance stems from their role in understanding the economic
performance of RES, the efficiency of electricity markets, and the broader
implications for energy policy and investment (EIFO, 2023).

Specifically, the capture price directly shows the revenue stream of a wind
energy project. A high capture price partly implies the project’s profitability
and attracts investment. The capture rate serves as a direct indicator of the
competitiveness of renewable energy in electricity markets. A high capture
rate, around 100%, suggests that renewable generators effectively integrate
into the market and sell electricity at prices close to the average market price,
indicating economic viability. In contrast, a low capture rate may reflect over-
supply, grid congestion, or inefficiencies in market design. Based on capture
rate and capture price, policymakers can design different support mecha-
nisms such as subsidies or capacity markets to ensure the financial sustaina-
bility of renewable energy projects. At the same time, improvements in ad-
vanced forecasting, energy storage integration or grid connections may be
considered to enhance the value of wind energy. Investors can use these met-
rics to anticipate the revenues of a power project. However, in order to deter-
mine whether a project is profitable, investors should also consider the cost
of production. In general, the higher the capture price and capture rate, the
more profitable a project can be.

Since the metrics are closely tied to the electricity price, factors affecting
electricity prices such as national policies and weather conditions would in-
directly influence capture rate and capture prices. At the same time, as stated
earlier, RES cause the merit-order effect, which reduces wholesale electricity
prices, sometimes even causes them to go negative. While this benefits the
electricity consumers, it creates a challenge, price cannibalization, where the
increased supply of wind energy. This challenge reduces RES’s own market
value and revenue potential and directly affects capture rate (Blume-Werry
et al., 2021; Prol et al., 2020; Halttunen, 2020).

In recent years, low capture rates and negative pricing have slowed wind
energy investments in the Nordics. The Nordic Investment Bank (2024) re-
ports that in Sweden (SE3), wind farms now sell electricity at 15—30% below
average market prices, directly reducing revenue. Moreover, 1,000 of Swe-
den's 5,200 wind turbines are facing financial difficulties, with some
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developers reluctant to invest. In Finland, the number of negative electricity
prices has significantly growth during the past few years, reaching 467 hours
in 2023 (Energia, 2024) and 721 hours in 2024 (Montel News, 2024b),
mostly due to wind energy. However, investment in wind energy continues
to grow in Finland. Denmark and Norway also demonstrate resilience
through offshore expansion and industrial electrification.

2.5 Conceptual Framework

The conceptual framework below illustrates the relationship between elec-
tricity price dynamics, renewable energy adoption, and wind energy financial
viability in the Nordic region. At the core of the framework is Nordic Elec-
tricity Market Dynamics. These dynamics create the foundation for under-
standing electricity prices’ fluctuations, which leads to the exploration of
Price Volatility and Temporal Trends as independent variables.

Another crucial component is the role of Grid Infrastructure & Flexibility
Solutions, which act as a moderating factor in the relationship between price
volatility and wind energy economic outcomes. Their availability helps re-
duce the fluctuations in electricity price, thus lessening the impact of price
volatility on renewable energy projects.

Finally, the Capture Price and Capture Rate are identified as the depend-
ent variables, serving as metrics for assessing the economic viability of wind
energy projects. The Capture Price reflects the revenue from wind energy
based on real-time market conditions, while the Capture Rate shows how ef-
fectively wind energy integrates into the market. Both are influenced by the
interplay of market dynamics, price volatility, and grid flexibility solutions.

Nordic Electricity Market Dynamics
MNord Pool, integration, transmission limits

l

Price Volatility & Temporal Trends (Independent)
Weather, geopolitice, forecast errors, renewable energy
adoption (merit-order effect, price cannibalization)
Grid Infrastructure &
Flexibility Solutions
(Moderator)

Storage, interconnections,
demand response.

Capture Price & Capture Rate (Dependent)

Economic viability metrics

Figure 2. Conceptual Framework
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3 Methodology

Given the nature of the research questions, which focus on understanding
economic patterns trends, the thesis adopts a quantitative research design,
which allows for clear measurements and statistical analysis of variables such
as electricity price and wind energy penetration. The focus on numerical data
and statistical methods is necessary to evaluate the impacts of volatile elec-
tricity prices as well as other factors on wind energy capture rates across four
Nordic countries.

3.1 Data Collection

3.1.1 The Nordic Market Overview

The Nordic market, including Denmark, Finland, Norway, and Sweden are
chosen because of their strong focus on renewable energy integration and
market-based mechanisms that support this transition as aforementioned.
The Nordic electricity market operates as both a day-ahead and intra-day
market, facilitating significant competition and integration among the Nor-
dic countries. The Nord Pool Spot (NPS) market was established following
the deregulation of Norway's electricity market in 1991. It was initially a Nor-
wegian exchange and expanded to include Sweden in 1996, Finland in 1998,
and Denmark in 1999 and 2000, creating a comprehensive Nordic electricity
market (Flatabg et al., 2003; Dahlen et al.; 2015). In the NPS market, supply
and demand bids determine the regional hourly equilibrium price or system
price, an unconstrained market-clearing reference price. This price is calcu-
lated without considering transmission congestion, assuming infinite trans-
mission capacity. The Nordic spot market closes at noon each day, when sup-
ply and demand bids are matched. Commitments to energy delivery and con-
sumption are then scheduled on an hourly basis for the following day. Since
trades are finalized at least 12 hours before delivery, fluctuations in supply
and demand can happen, creating imbalances (Klaus, 1999).

“Area prices" (local electricity prices in each bidding zone), which differ
from the system price, are established in order to manage electricity flow ef-
ficiently when transmission capacity is insufficient to move electricity freely
across regions, thereby improving market efficiency. This division is becom-
ing increasingly important with the rise of VRE, as the amount of electricity
generated fluctuates significantly. (Grohnheit, 2011; Sarfati, 2015). The more
insufficient the transmission capacity is, the more "area prices" deviate from
the system price. According to Nambu and Ohnishi (2010), the divergence is
not normally distributed but follows a fat-tailed distribution, indicating sig-
nificant variability across different bidding areas. All bidding areas are
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presented in Figure 3 (Nord Pool website). Finland is the only country with a
single bidding area.

1 _ ot
Figure 3. The Nordic bidding areas (Source: Nord Pool, n.d.)

The amount of wind-generated electricity also varies across bidding areas
in each country due to the geographical and infrastructure differences. In
Sweden, the southern and central regions of Sweden are more economically
viable for wind energy production than the northern region, due to better
wind resources and economic conditions (Ek et al., 2013; Siyal et al., 2016).
Moreover, Swedish land-use policies, such as the designation of protected
areas, can substantially facilitate or restrict wind power deployment, depend-
ing on the region (Lauf et al., 2020). In Denmark, Western Denmark (DK1)
have higher amount of wind energy generation. In 2003, wind power ac-
counted for 21% of electricity generation in Western Denmark, compared to
8% in Eastern Denmark (Ostergaard, 2006).

In Norway, western municipalities are more exposed to incoming storms
from the North Atlantic, leading to more frequent and severe wind events
than in inland areas (Jaison et al., 2024). However, since wind penetration
in Norway is still low, this difference has not been studied extensively.

3.1.2 Data Availability and Limitations
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Since electricity prices and wind production vary across different areas, the
metrics are calculated for each area individually. The data used in this re-
search will be secondary data obtained from the Nord Pool database, which
provides electricity market data and operational data for the Nordic region.
The dataset covers the period from 2020 to 2024, allowing for an analysis of
both short-term trends in electricity prices, wind power production, capture
price, and capture rate. Two main data variables are obtained from this da-
tabase: electricity price (hourly spot prices for electricity) and wind power
production (hourly electricity production from wind power).

Data gaps may occur in specific bidding areas, such as NO5, where no wind
production data was recorded during certain periods. Wind production data
for Norway started being recorded in 2023. These gaps will be noted. Besides
this, the data is available for all bidding areas and the period considered.

3.2 Data Analysis Methods and Hypothesis

Using Python, the input data was calculated to have monthly data of average
electricity prices per hour. Subsequently, the capture price and capture rate
hourly were calculated each month from 2020 to 2024. The analysis of the
results and the results themselves are presented in the Finding section and
analyzed in the Discussion section.

Considering the information in the literature review part, the following are
the hypotheses:

e Hypothesis 1: Geopolitical events (e.g., energy supply disruptions,
war...) positively correlate with higher Capture Prices and possibly
Capture Rate for wind power as electricity prices increase.

e Hypothesis 2: There is a negative relationship between the Capture
Rate and the proportion of wind energy in the electricity mix, as in-
creased wind penetration dilutes its market value.

e Hypothesis 3: Nordic countries with more advanced grid infrastruc-
ture (e.g., better storage or interconnections) exhibit higher Capture
Rates for wind energy compared to those with less developed systems,
due to better integration of wind energy into the broader electricity
market.

e Hypothesis 4: Countries with stronger policy frameworks (e.g., feed-
in tariffs, carbon pricing, or renewable energy incentives) will exhibit
higher capture rates for wind energy, due to more favorable market
conditions and government support.
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Graphs and charts were used to illustrate trends in Electricity Prices, Cap-
ture Price, and Capture Rate over time: Scatter plots for correlation assump-
tion and heatmaps for spatial and temporal comparisons.

3.3 Regression Model

After calculating the monthly wind production proportion (total wind energy
production divided by total energy, multiplied by one hundred) and the
monthly capture rate by hour, a linear regression model was used to analyze
the relationship between the capture rate (dependent variable) and wind pro-
duction proportion (independent variable). The model is expressed as:

Capture Rate = By + 1 (Wind Production) + ¢
Where:
- Bo: the intercept, indicating the baseline capture rate when wind production
is zero.
- B1: the regression coefficient, reflecting the change in capture rate per unit
increase in wind production.
- € : the error term, capturing unexplained variation in the model.

This method helps to quantify the impact of wind production on capture
rate, a key measure of wind energy efficiency. The regression analysis was
conducted using Python’s stats models library, and results will be interpreted
at a 95% confidence level. In addition to estimating the coefficients, other
measures such as the coefficient of determination (R2), p-value were also cal-
culated.

3.4 Limitations and Assumptions

While the methodology is robust, there are some limitations and assump-
tions to acknowledge. There are data gaps in the database. For example, re-
gions such as NO5 in Norway and certain periods (2020 to 2022) have no
data related to wind generation. Thus, trends observed might not fully repre-
sent the overall scenario of wind energy in Norway.

At the same time, the relationship between Capture Rate and wind energy
share is more complex than a linear regression model can capture since cap-
ture rate is affected by various factors. However, it is assumed that a linear
approach provides a first approximation for this analysis.

Moreover, the time span is set to month within the considered period from

2020 to 2024, which can help consider major external influences, such as
geopolitical events, but may not account for all possible externalities. These
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factors will be acknowledged in the analysis. A longer period, such as from
2018 to 2024, or a shorter time span, such as weekly or daily intervals, may
reveal more detailed variability related to wind power.
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4 Findings

4.1 The Relationship Between Wind Penetration and Cap-

ture Rate

411 Denmark

The regression analysis of the relationship between wind penetration and
capture rate in DK1 and DK2 reveals subtle differences though both are char-

acterized by weak negative correlations.
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Figure 4. Relationship between Wind Proportion (%) and Capture Rate (%)
in (a) DK1 and (b) DK2 of Denmark.

Table 1. Regression results in Denmark (DK1 and DK2 areas).

Area DK1 DK2
Multiple R -0.244005 -0.272217
R? 0.059538 0.074102
Adjusted R? 0.043323 0.058139
Standard Error 8.351938 7.505272
Observations 60 60
F-Statistic 3.671840 4.641913
Significance F 0.060272 0.035366
Slope -0.217200 -0.198848
Standard Error (Slope) 0.113349 0.092294
t Stat (Slope) -1.916205 -2.154510
P-value (Slope) 0.060272 0.035366
Lower 95% (Slope) -0.444093 -0.383595
Upper 95% (Slope) 0.009693 -0.014102
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In DKi, the relationship shows a Multiple R of -0.244005 and an R2 of
0.059538, indicating that only 5.95% of the variability in capture rate is ex-
plained by wind proportion, suggesting a very weak effect. The slope of -
0.217200 implies that a 1% increase in wind proportion is associated with a
0.217% decrease in capture rate, but this finding is not statistically significant
(p = 0.060272). The 95% confidence interval (-0.444093 to 0.009693) that
includes zero also indicates uncertainty about the true effect.

In contrast, DK2 exhibits a slightly stronger correlation, with a Multiple R
of -0.272217 and an R2 of 0.074102, explaining 7.41% of the variability in
capture rate. The slope of -0.198848 suggests a similar negative effect, and
this relationship is statistically significant (p = 0.035366), with a 95% confi-
dence interval (-0.383595 to -0.014102) excluding zero, confirming a relia-
ble, though small, negative impact of wind proportion on capture rate.

When two regions are compared, DK2 demonstrates a marginally more
significant negative relationship. These findings show that increasing wind
proportion tends to decrease capture rates in Denmark, and the effect is more
reliably detected in DK2. However, the overall explanatory power remains
limited in both regions.

4.1.2 Finland
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Figure 5. Relationship between Wind Proportion (%) and Capture Rate (%)
in Finland.
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Table 2. Regression results in Finland

Area Finland
Multiple R -0.576838
R? 0.332742
Adjusted R? 0.321238
Standard Error 12.310742
Observations 60
F-Statistic 28.922948
Significance F 0.000001
Slope -1.258329
Standard Error (Slope) 0.233977
t Stat (Slope) -5.378006
P-value (Slope) 0.000001
Lower 95% (Slope) -1.726685
Upper 95% (Slope) -0.789974

The regression analysis reveals a strong negative correlation, with a Multiple
R of -0.576838 and an R2 of 0.332742, indicating that 33.27% of the varia-
bility in capture rate is explained by wind proportion. This suggests a 1% in-
crease in wind proportion is associated with a 1.258 % decrease in capture
rate. This relationship is highly statistically significant (p = 0.000001), with
a 95% confidence interval (-1.726685 to -0.789974) excluding zero. With 60
observations, the model’s precision is supported by a standard error of
12.310742 and an F-statistic of 28.922948.

4.1.3 Norway
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Figure 6. Relationship between Wind Proportion (%) and Capture Rate (%)
in (a) NO1, (b) NO2, (¢) NO3, and (d) NO4 of Norway.

Table 3. Regression results in Norway (NO1, NO2, NO3, and NO4 areas)

Area NO1 NO2 NO3 NO4
Multiple R 0.168333 | 0.396703 | 0.324174 | 0.095349
R? 0.028336 | 0.157373 0.105089 | 0.009091
Adjusted R? -0.012150 | 0.122264 | 0.067801 | -0.032196
Standard Error 17.971618 | 10.708380 | 14.180439 | 14.546617
Observations 26 26 26 26
F-Statistic 0.6909894 | 4.482356 | 2.818297 | 0.220198
Significance F 0.411072 | 0.044803 | 0.106170 | 0.643124
Slope 1.388581 | 1.975519 0.585717 | 0.267752
Standard Error (Slope) | 1.659798 | 0.933099 | 0.348895 | 0.570593
t Stat (Slope) 0.836597 | 2.117158 1.678779 0.469252
P-value (Slope) 0.411072 | 0.044803 | 0.106170 | 0.643124
Lower 95% (Slope) -2.037073 | 0.049696 | -0.134366 | -0.909895
Upper 95% (Slope) 4.814236 | 3.901341 | 1.305800 | 1.445399

Different from Denmark and Finland’s analyses, the analyses across NO1,
NOz2, NO3, and NO4 of Norway show varying positive correlations. The anal-
ysis in NO1 shows a weak positive correlation between wind proportion and
capture rate, with a Multiple R of 0.168333 and an R2 of 0.028336, explain-
ing only 2.83% of capture rate variability. A 1% increase in wind proportion
is associated with a 1.389% increase in capture rate. However, this relation-
ship is not statistically significant (p = 0.411072), with a 95% confidence in-
terval (-2.037073 to 4.814236) including zero, indicating no reliable effect.

In NO2, the regression analysis shows a moderate positive correlation,
with a Multiple R of 0.396703 and an R2 of 0.157373, explaining 15.74% of
capture rate variability. A 1% increase in wind proportion is associated with
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a 1.976% increase in capture rate. Moreover, this relationship is statistically
significant (p = 0.044803), with a 95% confidence interval (0.049696 to

3.901341).

In NO3, a weak positive correlation has been found, with a Multiple R of
0.324174 and an R2 of 0.105089, explaining 10.51% of capture rate variabil-
ity. A 1% increase in wind proportion is associated with a 0.586% increase in
capture rate. This relationship is not statistically significant (p = 0.106170),
with a 95% confidence interval (-0.134366 to 1.305800) including zero.

In NO4, the regression analysis also shows a very weak positive correla-
tion, with a Multiple R of 0.095349 and an R2 of 0.009091, explaining only
0.91% of capture rate variability. A 1% increase in wind proportion is associ-
ated with a 0.268% increase in capture rate (slope = 0.267752). However,
like the other three areas, this relationship is not statistically significant (p =
0.643124), with a 95% confidence interval (-0.909895 to 1.445399) including
zZero.

Comparing these regions, NO2 stands out with a stronger, statistically sig-
nificant positive relationship, while NO1, NO3, and NO4 show weaker, non-
significant effects. NO3 has the highest explanatory power among the non-
significant areas, but all lack reliability.

414 Sweden
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Figure 7. Relationship between Wind Proportion (%) and Capture Rate(%) in
(a) SE1, (b) SE2, (c) SE3, and (d) SE4 of Sweden.

Table 4. Regression results in Sweden (SE1, SE2, SE3, and SE4 areas)

Area SE1 SE2 SE3 SE4
Multiple R -0.352986 | -0.495864 | -0.365146 | -0.287185
R? 0.124599 | 0.245881 | 0.133332 | 0.082475
Adjusted R? 0.109506 | 0.232879 | 0.118389 | 0.066656
Standard Error 13.373116 | 13.580326 | 12.131315 | 11.097674
Observations 60 60 60 60
F-Statistic 8.255336 | 18.910954 | 8.922956 | 5.213538
Significance F 0.005669 | 0.000056 | 0.004122 | 0.026093
Slope -0.555850 | -0.906806 | -1.423671 | -0.285489
Standard Error (Slope) | 0.193460 | 0.208525 | 0.476601 | 0.125033
t Stat (Slope) -2.873210 | -4.348673 | -2.987132 | -2.283317
P-value (Slope) 0.005669 | 0.000056 | 0.004122 | 0.026093
Lower 95% (Slope) -0.943102 | -1.324213 | -2.377692 | -0.535769
Upper 95% (Slope) -0.168599 | -0.489398 | -0.469650 | -0.035209

Across SE1, SE2, SE3, and SE4 in Sweden, the regression analyses consist-
ently show significant negative correlations with varying strengths. While
SE2 and SE3 demonstrates the most substantial reductions in capture rate,
SE4 shows the smallest effect, reflecting regional variations within Sweden.

In SE1, a moderate negative correlation has been found, with a Multiple R
of -0.352986 and an R2 of 0.124599, explaining 12.46% of capture rate vari-
ability. A 1% increase in wind proportion is associated with a 0.556% de-
crease in capture rate. This relationship is statistically significant (p =

0.005669).
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SE2 has the same situation, with a Multiple R of -0.495864 and an R2 of
0.245881, explaining 24.59% of capture rate variability, and the relationship
is also statistically significant (p = 0.000056).

In SE3, a moderate negative correlation has been found, with a Multiple
R of -0.365146 and an R2 of 0.133332, explaining 13.33% of capture rate var-
iability. A 1% increase in wind proportion is associated with a 1.424% de-
crease in capture rate. This relationship is statistically significant (p =
0.004122).

In SE4, a weak negative correlation has been found, with a Multiple R of -
0.287185 and an R2 of 0.082475, explaining 8.25% of capture rate variability.
This relationship is statistically significant (p = 0.026093).

4.1.5 Overview

The regression analyses across four Nordic countries all reveal that wind pen-
etration explains less than 50% of the variability in capture rates, indicating
weak explanatory power in all cases. While the relationships vary in strength
and significance, none of the models account for a substantial proportion of
the variability in capture rates. Even in regions where the correlations are
statistically significant, such as Finland and Sweden, the explanatory power
remains limited, with R2 values generally below 35%. As anticipated, this
suggests that other factors, beyond wind penetration, also play roles in de-
termining capture rates across these countries, which can be discussed later
in the Discussion section.

However, another notable point from the analysis is while negative corre-
lations were expected in all regions, in Norway, this regression model does
not hold. This suggests that other factors have a stronger effect on the Cap-
ture Rate. This is also reasonable given that wind energy in Norway is still in
its early development, accounting for only about 10% of its total energy. On
the other hand, there is also a possibility that since the capture rate is aggre-
gated to monthly values, the limited number of data points may make it dif-
ficult to identify trends, especially for Norway. A daily trend analysis could
be conducted to observe the finer details of the fluctuations. Thus, with daily
trend analysis, the model may work better.

4.2 Evolutions of Electricity Prices, Wind Capture Price and
Wind Capture Rate

4.2.1 Denmark
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Figure 8. Average Electricity Price and Wind Capture Price in (a) DK1 and (b)
DK2 of Denmark
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Figure 9. Wind Capture Rate in (a) DK1 and (b) DK2 of Denmark

In DK1 and DK2, electricity price trends followed a similar trajectory, with a
significant spike in 2022, where prices peaked at 456.75 EUR/MWh in DK1
and 449.77 EUR/MWh in DK2. Prices began rising in early 2021, peaked in
2022, and gradually stabilized in 2024, fluctuating between 58.52 and 95.91
EUR/MWh in DK1 and 54.72 and 95.28 EUR/MWh in DK2. Capture Prices
for wind energy mirrored this trend but remained slightly lower than the
market price, indicating that wind-generated electricity was often sold at a
discount. The disparity between the electricity price and the capture price
appears to have widened since 2022, showing a large disparity in late 2024.
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The highest Capture Price was recorded in August 2022, reaching 426.67
EUR/MWh in DK1 and 423.75 EUR/MWh in DK2.

During this peak month, the Capture Rate was 93.41% in DK1 and 94.21%
in DK2, indicating that wind energy was being sold close to the market price.
However, market electricity prices were higher than capture prices for all 60
months in both DK1 and DK2, highlighting a consistent market pricing dis-
parity. The Capture Rate in DK1 was highest at 96.20%, while DK2 peaked at
95.17%. However, DK1 saw the Capture Rate drop to 55.73% in certain
months, whereas DK2 had a minimum of 64.22%. Although Capture Rate
generally remained above 70%, the variations highlight the volatility of wind
energy pricing and the challenges in maintaining stable revenue.

4.2.2 Finland
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Figure 10. (a) Average Electricity Price and Wind Capture Price and (b) Wind
Capture Rate in Finland

In Finland, electricity price trends followed a similar pattern to Denmark’s,
with a peak in 2022, where the highest price reached 261.50 EUR/MWh.
Capture Prices for wind energy followed the same trend but remained slightly
lower than the average market price. The highest Capture Price was recorded
in December 2022, reaching 201.77 EUR/MWh, with a corresponding Cap-
ture Rate of 82.02%. Wind energy seemed to be sold at a relatively competi-
tive price during this period.

However, same as Denmark, for all 60 months, electricity prices per hour
were higher than capture prices. The Capture Rate in Finland reached a max-

imum of 97.99%, while the lowest recorded value was 39.76%. The disparity

32



between the electricity price and the capture price appears to have widened
since 2022, and the Capture Rate has shown a declining trend, dropping from
an average of 82.28% (2020-2022) to 63.32% (2023—2024), suggesting in-
creasing challenges for wind power plans to maintain profitability.

4.2.3 Norway
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Figure 11. Average Electricity Price and Wind Capture Price in (a) NO1, (b)
NO2, (¢) NO3, and (d) NO4 of Norway
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Figure 12. Wind Capture Rate in (a) NO1, (b) NO2, (¢) NO3, and (d) NO4 of
Norway

With the same cases as in Denmark and Finland, electricity prices peaked in
2022, with the highest recorded prices reaching 257.177 EUR/MWh in NO1
and NO2, 173.89 EUR/MWh in NO3, and 94.16 EUR/MWh in NO4. Capture
Prices followed a similar trend but remained consistently lower than market
prices, with peak values occurring in June 2022 for NO1 (142.17 EUR/MWh)
and NO2 (164.60 EUR/MWh), while NO3 and NO4 peaked later in January
2023 (58.77 EUR/MWh) and December 2023 (54.60 EUR/MWh), respec-
tively. Electricity prices per hour exceeded capture prices for 22 out of 26
months in NO1 and for all 26 months in NO2, NO3, and NO4. However, the
disparity between the average electricity price and wind capture price seems
to be lower than that of Denmark and Finland, which can be attributed to its
hydropower, its main renewable energy sources. Norway may strategically
utilize its hydropower capacity to stabilize electricity prices, providing a
buffer against the volatility seen in other countries.
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The Capture Rate peaked at 103.19% in NO1, 97.58% in NO2, 99.48% in
NO3, and 98.81% in NO4. The average Capture Rate in Norway from 2022
to 2024 remained at 85.01%, which is relatively high compared to Denmark’s
and Finland’s.

4.2.4 Sweden
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Figure 13. Average Electricity Price and Wind Capture Price in (a) SE1, (b)
SE2, (¢) SE3, and (d) SE4 of Sweden

35



Heat Map of Capture Rate - Area: SE1

Heat Map of Capture Rate - Area: SE2

wMonth

(a) (b)

Heat Map of Capture Rate - fArea: SE3

100

a4.07

Figure 14. Wind Capture Rate in (a) SE1, (b) SE2, (¢) SE3, and (d) SE4 of
Sweden

In Sweden, electricity prices peaked in 2022, with the highest recorded prices
reaching 188.24 EUR/MWh in SE1, 188.31 EUR/MWh in SE2, 245.84
EUR/MWh in SE3, and 289.28 EUR/MWHh in SE4. Capture Prices followed
a similar trend but consistently remained lower than market prices, with
peak values recorded in December 2022 for SE1 (144.52 EUR/MWh), SE2
(132.38 EUR/MWh), SE3 (189.18 EUR/MWh), and SE4 (215.83
EUR/MWHh), with corresponding Capture Rates of 76.77%, 70.30%, 76.95%,
and 74.61%, respectively. Electricity prices per hour exceeded capture prices
for 58 out of 60 months in SE1, 58 out of 60 months in SE2, 60 out of 60
months in SE3, and 60 out of 60 months in SE4, highlighting a consistent
pricing disparity. The average Capture Rate in Sweden remained above 70%
in all regions in 2022. However, the average Capture Rate has shown a de-
clining trend from 2022 to 2024.

36



4.2.5 Overview

The analysis across Denmark, Finland, Norway, and Sweden highlights a
common pattern: significant price increases in 2022, due to external factors
such as global energy crises and geopolitical instability, followed by fluctua-
tions in 2023-2024. In these countries, the market price of electricity often
exceeded the capture price of wind energy, indicating that wind power was
generally sold at a discount compared to the market price, though capture
rates in some months showed competitive results. At the same time, since
2022, the gap between the average electricity price and wind capture price
seems to widen over time, especially in Denmark and Finland. Sweden and
Norway have experienced a smaller increase in this gap. It seems that as wind
penetration continues to increase, all countries, including Denmark, still
have to deal with its impact on the electricity market.

Compared to Finland and Sweden, Denmark and Norway maintained rel-
atively high and stable capture rates (generally above 85%), suggesting a
more effective market integration of wind energy. This stability can be at-
tributed to Denmark’s strong grid interconnections, advanced storage solu-
tions, and supportive policies such as feed-in tariffs, as well as Norway’s ex-
tensive use of hydropower as energy storage. For Denmark, this result can be
anticipated, as wind energy has been developed in the country for such an
extended period.

When considering the timeline, it is also noticeable that despite the sud-

den rise in 2022, possibly due to political events, the Capture Rate does not
increase but instead follows its established patterns.
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5 Discussion and Analysis

5.1 Factors Affecting Capture Price and Capture Rate

The analysis indicates that wind penetration alone is insufficient to fully ex-
plain variations in capture prices and capture rates. Despite high wind pene-
tration, capture prices consistently remained below electricity market prices
across all regions and countries, especially evident during the price spikes in
2022 caused by global energy crises and geopolitical instability. This con-
sistent disparity emphasizes that factors beyond wind penetration—such as
seasonal wind availability, technological efficiency, grid infrastructure, and
external market volatility—also significantly influence wind capture rates
and prices. Higher and stable capture rate in Denmark and Norway can be
attributed to better grid infrastructure, effective energy storage systems, and
strategic regulation as well as their alliance.

5.1.1 Grid Infrastructure

Better grids would allow surplus energy to flow to areas with higher demand,
reducing the occurrence of negative hours and forecast errors (Forsund,
2010; Miettinen and Holttinen, 2017). As more renewable energy is con-
nected to the grid, more strain is put on national infrastructure. This creates
grid congestion, which cause bottlenecks that hinder energy flow. For exam-
ple, in Sweden, the problem mainly lies in the connection between regional
areas. aging grid infrastructure limits the export of wind energy from the
north to southern demand centers, which forces curtailment and lowers the
electricity prices and the capture rates (Montel News, 2024b). In 2024, Vat-
tenfall, one of Europe’s largest producers of electricity halted their Swedish
offshore wind project, concerning that the current grid connection would
make the project unprofitable (Reuters, 2024a). While the decommissioning
of nuclear power plants in this country creates space for the development of
renewable energy sources, including wind power, an inadequate infrastruc-
ture could hinder this progress.

Finland meets the same problem as wind power is mostly produced up
north while the highest electricity demand is in the south. However, Finland
faces additional challenges with its foreign connections. According to Yle
(2025), Finland meets the same situation with considerable limitations on
electricity transmission between Finland and Sweden, primarily due to on-
going maintenance and construction work on power lines. The transmission
between Finland and Estonia was also recently out of service. These limita-
tions lead to frequent surplus electricity supply, especially during the
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summer, causing negative electricity prices and making production unprof-
itable since export to other neighboring countries is hindered.

Denmark’s strong grid connections to Norway and Great Britain allow for
the export of surplus wind energy (Schlachtberger et al., 2017). While grid
connectivity is not a major concern for investors, the high cost of the grid
becomes an issue, as it is not covered by Denmark (Reuters, 2024b), raising
concerns about the profitability of wind projects and making investors hesi-
tant to invest. Since wind energy is still in the early stage of development in
Norway, grid connection is not the main challenge to its development. How-
ever, in the future, Norway may face the same obstacles as other countries
when it tries to increase the penetration of renewable energy.

5.1.2 Energy Storage System

Storage facilities purchasing electricity during low-price periods and selling
it during high-price periods also help support capture rates and prevent ex-
cessive price increases. Additionally, the combination of wind and storage
can lead to significant added value by optimizing dispatch, managing imbal-
ance penalties, and maximizing profits (Ding et al., 2017; Bathurst and
Strbac, 2003).

In Denmark, battery storage systems (BESS) have been deployed for such
a time to help stabilize wind energy capture rates (Peder-sen et al., 2019). It
is exploring the concept of energy islands, which involve constructing large
offshore wind farms with nearby energy conversion and storage technologies
like electrolysers and batteries (Liith, 2023). Besides the storage systems for
wind energy, hydropower is also used as a balancing tool, acting as a comple-
ment to intermittent wind energy. Norway’s case can be set as example, with
40% of wind power exports from Denmark stored in Norwegian hydropower
reservoirs and its promising development of pumped storage hydropower
(PSH) (Mauritzen, 2013). It is this scheme that helps maintain the capture
rate in Norway.

PSH method is also applied in Sweden along with BESS (Shabani et al,
2020). Finland also applied some methods such as Combined Heat and
Power (CHP) with thermal storage and PSH to store their excess energy
(Rinne and Syri, 2015). Additionally, electric boilers are also used in Finland
in order to convert surplus electricity into thermal energy for district heating
systems in Finland (Salpakari et al., 2016). The stored thermal energy can
then be used for heating buildings, which provides a dual benefit: balancing
the grid by and contributing to meeting the heating demand during colder
periods.
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Hydrogen production and storage is also an effective method to fully uti-
lize renewable energy, especially wind energy, that all four Nordic countries
have been actively pursuing. It is found that hydrogen deployment can help
increase power generation capacity by around 50% and unlock offshore wind
potential while balancingout power price increases and decreases (Durakovic
et al., 2022). Hydrogen Storage also helps revenue gains per wind turbine
(Schrotenboer, 2022). As more hydrogen power is produced, the problem re-
lated to surplus electricity of wind energy can be easily solved and the capture
rate would become less of a concern. However, the infrastructure required
for hydrogen production and storage, including electrolysis systems, storage
facilities, and transport networks, remains costly. This presents a significant
challenge, as substantial investments are needed to develop and scale up hy-
drogen technology.

5.1.3 Regulation

Along with storage systems and grid infrastructure, the policies of those
countries in the third section also contribute substantially to the results of
capture rate. For example, FITs in Denmark guarantee wind energy produc-
ers a fixed price per kWh for a set of periods, which shields projects from
price volatility and ensure stable revenue streams while TGCs in Sweden re-
quire electricity suppliers to source a percentage of power from renewables
(Skjeerseth et al., 2023). Certificates are traded separately from electricity,
creating dual revenue streams. In Finland, utilities like Fortum offer time-of-
use pricing, incentivizing consumers to shift demand to windy periods (e.g.,
charging EVs at night when wind generation is high, and prices are low) (Nor-
dic Energy Research, 2017).

Besides supporting wind power plants, educating consumers and chang-
ing consumer behavior also plays a key role in addressing the problem of sur-
plus electricity. When consumers shift their electricity usage to periods when
renewable generation is high, such as windy or sunny periods, it helps bal-
ance supply and demand. A Finnish study review that there is a need for ex-
tensive communication to gain broader consumer support in addressing the
surplus electricity (Immonen et al., 2020). Additionally, Schot et al. (2016)
also points out that consumers can also be viewed as key stakeholders in
forming new routines and system change in the transition to a more efficient
energy system. Regulations, therefore, should incentivize and support con-
sumers in adopting behaviors that align with the grid’s needs, such as provid-
ing education on the benefits of flexible consumption and offering financial
incentives for participation in demand response programs.

5.2 Wind Energy Growth in the Nordic Region
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5.2.1 Results from Capture Rate and Capture Prices

Based on the findings related to Capture Price and Capture Rate, several im-
portant insights can be drawn about the economic performance and future
growth potential of wind energy in the Nordic region.

a. Economic Performance of Wind Power Plants: From the Capture Price
results, investors can determine wind power plant profitability over
time. Consistently high Capture Prices, such as those observed in Den-
mark and Norway, indicate greater revenues, suggesting favorable
conditions for future investments. Wider price gaps and lower Capture
Prices seen in parts of Sweden and Finland imply economic chal-
lenges, particularly during periods of market volatility, affecting over-
all investment attractiveness.

b. Competitive Position of Wind Energy in the Market: Capture Rate
demonstrates how competitively wind-generated electricity is priced
relative to overall market electricity. High and stable Capture Rates,
as observed in Denmark and Norway, reflect stronger competitive po-
sitions, suggesting wind energy is effectively integrated and valued
within their markets. In contrast, decreasing Capture Rates in Finland
and regions of Sweden highlight weaker competitiveness, potentially
signaling the need for enhanced storage, transmission capabilities,
improved market frameworks as well as addressing demand elasticity.

c. Market Trends and Demand for Renewable Energy: The trends in
Capture Prices and Capture Rates can help identify shifts in renewable
energy demand. The rising Capture Rates and sustained prices in Nor-
way and Denmark imply robust demand and favorable market condi-
tions. Conversely, declining Capture Rates in Finland and Sweden
point towards saturation, increased curtailment risks, or reduced de-
mand growth. However, in all four countries, it is the fact that wind
energy development continues to be supported, as it contributes sig-
nificantly to the goal of carbon neutrality. Additionally, the issue of
intermittent energy can be addressed through hydrogen production
and storage, as previously mentioned. Therefore, wind energy is ex-
pected to remain in demand in the future.

d. Regulatory and Political Influences: The variability of Capture Prices
and Capture Rates is significantly influenced by policy interventions
such as feed-in tariffs (FITs) in Denmark and tradable green certifi-
cates (TGCs) in Sweden. FITs provide stable and predictable revenue
streams, attracting continued investment, while TGCs offer flexibility
and dual revenue streams, influencing market dynamics. Countries
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with clearer, stronger policy frameworks (Denmark and Norway) ex-
hibit higher Capture Prices and Rates, underscoring the importance of
supportive regulation and political stability in fostering wind energy
growth. However, whether a country accepts a wind energy plan is also
based on its own specific situation, including factors such as geo-
graphical location, available natural resources, infrastructure capabil-
ities, and economic priorities.

5.2.2 Limitations of the Capture Rate Method

While the capture rate is a useful metric for assessing the competitiveness of
wind energy revenue streams compared to other energy sources, it has cer-
tain limitations.

The capture rate primarily reflects how well wind energy is priced relative
to the market average, indicating its market competitiveness. However, it
does not account for the cost of producing wind energy, which is a crucial
factor in determining whether wind projects are truly profitable. This is
where the Levelized Cost of Energy (LCOE) becomes essential. LCOE repre-
sents the per-unit cost (typically per megawatt-hour) of building and operat-
ing a wind power plant over its assumed financial life and duty cycle (Short
et al., 1995; Lai et al., 2017). This cost includes capital investment, mainte-
nance, and grid integration—factors that the capture rate does not account
for but are crucial to understanding the financial sustainability of wind en-
ergy projects. Over the past decade, the LCOE of wind energy has decreased
significantly due to advancements in technology. From 2008 to 2016, the
LCOE dropped by approximately 33%, reaching 48€/MWh by the end of the
period (Duffy et al., 2020). Given that it's now a decade later, the LCOE is
likely even lower today. According to Lazard (2023), the unsubsidized on-
shore wind LCOE can go as low as 22€. Thus, when compared to other
sources, the revenue is not very high; however, a wind project can still be
profitable and can still attract investors.

Another key point is that electricity from wind energy in the Nordic region
is largely sold through PPAs. In Finland, as in other Nordic countries, most
of the recent wind power investments have been based on PPAs, where the
price of wind power is fixed, ensuring a stable and predictable revenue
stream. This mechanism is essential for supporting investments, as it reduces
the financial risk associated with spot market price fluctuations. Thus, while
the capture rate can be a useful perspective for estimating the risk and deter-
mining the terms of the PPA, it does not hold much importance in the long
run.
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6 Conclusions

6.1 Main Findings

This study aims to analyze the relationship between volatile electricity prices
and wind energy economic outcomes, particularly focusing on capture price
and capture rate, across four Nordic countries: Denmark, Finland, Norway,
and Sweden. The study reveals the following key findings:

1. Geopolitical events, such as energy supply disruptions, lead to higher
Capture Prices, but not higher Capture Rates for wind power, partly
supporting Hypothesis 1 that geopolitical events positively correlate
with higher Capture Prices in all four countries.

2. Capture rate decreases as the proportion of wind energy in the elec-
tricity mix increases, due to market saturation, confirming Hypothesis
2 that a higher wind energy penetration dilutes its market value. This
trend was particularly evident in Finland and Sweden.

3. Countries with more advanced grid infrastructure (e.g., better storage
solutions or interconnections) and supportive regulations show
higher capture rates for wind energy compared to those with less de-
veloped grids, in line with Hypothesis 3, which suggests that better
infrastructure leads to higher capture rates, as observed in Denmark
and Norway.

4. Countries with stronger policy frameworks (e.g., feed-in tariffs, car-
bon pricing, or renewable energy incentives), such as Denmark and
Norway, exhibit higher capture rates for wind energy, supporting Hy-
pothesis 4, which asserts that favorable policy frameworks enhance
the market competitiveness of wind energy.

6.2 Implications for International Business

The findings of this study have several key implications for international
business, particularly in the renewable energy sector. Countries like Den-
mark and Norway, with higher and more stable Capture Rates, present at-
tractive opportunities for international investors, as they offer favorable mar-
ket conditions and long-term profitability. Additionally, strong policy frame-
works, such as feed-in tariffs (FITs) enhance the business environment fur-
ther. In contrast, markets like Sweden and Finland, with weaker regulatory
frameworks and lower Capture Rates, may require additional strategies to
improve market integration and stability. Investments in grid infrastructure
or advocacy for policy reforms could help attract more investment. Moreover,
these countries may find it beneficial to target large electricity consumers,
such as data centers and hydrogen production plants, which have substantial
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energy needs. Expanding demand from these sectors could stabilize and in-
crease profitability in renewable energy markets.

Furthermore, there are market expansion opportunities in regions facing
grid congestion and balancing issues, particularly in the context of the inter-
connected sectors of offshore wind power, onshore wind power, hydrogen,
and electricity grids. For example, in Finland, future wind power investments
are expected to be closely linked to hydrogen production. As a result, the im-
portance of the capture rate may diminish, as electricity generated from wind
power may not be sold on the open market but instead used for hydrogen
production. Businesses looking to invest in Finland’s renewable energy mar-
ket should focus on these emerging opportunities, especially as hydrogen
projects are poised to play a significant role in the country's energy future.
The same situation may be applied to Denmark, Norway, and Sweden, when
these countries are still trying to integrate wind energy into the energy mix
to achieve its carbon neutrality goal.

International businesses should also consider external factors, such as ge-
opolitical events, that can influence electricity prices and market stability.
Developing risk management strategies accordingly is crucial. Lastly, there
is potential for businesses to engage in consumer education and market
adoption, encouraging energy-saving behaviors and flexible consumption to
help balance supply and demand, thereby increasing the market value of re-
newable energy. Businesses may consider developing new electricity prod-
ucts and services to meet this demand.

6.3 Suggestions for Further Research

Further research could explore several areas to deepen understanding of the
dynamics influencing wind energy capture rates and the broader renewable
energy market. Given that wind power production has only recently started
to increase significantly, future studies could consider a shorter time scale,
such as a daily or yearly basis, to capture more immediate trends and fluctu-
ations. While expanding the temporal scope to 10 to 20 years could offer val-
uable insights into long-term trends, this would be most applicable to Den-
mark, where wind power has been developed for a longer period and the mar-
ket has reached a higher penetration level.

Additionally, future studies could examine the role of other factors, such
as technological advancements in wind energy generation, storage solutions,
and their impact on the economic viability of wind power projects, as well as
policy frameworks and their impacts on future market conditions. Investi-
gating the relationship between capture rates and the integration of other re-
newable energy sources, such as solar and hydropower, in Nordic countries
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would also be valuable, as it could highlight synergies or challenges in the
energy mix. Scenario modelling or sensitivity analysis would be helpful for
this. Furthermore, research could focus on the role of consumer behavior in
shaping energy demand and its impact on renewable energy markets, partic-
ularly exploring the potential of demand response programs in balancing
grid supply. Studying the effectiveness of different policy instruments across
various countries, such as renewable energy certificates, carbon pricing, and
capacity markets, could offer insights into how policy frameworks influence
investment in wind energy and its competitive position in the market.

This whole study further can also be applied to other types of renewable
energy such as solar, biomass, hydropower energy in other countries. For ex-
ample, it can be applied to solar energy in Southern Europe, biomass in Brazil
or hydropower in Norway to assess the economic viability and market dy-
namics in those regions. Or in the future, when solar energy is more devel-
oped in the Nordic region, this research can also be applied to. Another point
is that the research can be conducted through qualitative analysis by inter-
viewing or surveying experts in the field in each country. Experts, such as
energy analysts, policymakers, wind farm developers, and utility operators,
can provide valuable insights into the challenges and opportunities specific
to each region. Their perspectives can help identify cultural and economic
factors that may not be covered in the quantitative data, improving the over-
all understanding of wind energy's economic performance.
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Appendices

Appendice A: Number of hours with negative electricity
prices in Nordic region
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Figure A.1. Number of Hours with Negative Electricity Price in Denmark
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Figure A.2. Number of Hours with Negative Electricity Price in Finland
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Figure A.3. Number of Hours with Negative Electricity Price in Norway
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Figure A.4. Number of Hours with Negative Electricity Price in Sweden
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