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Second Supervisor : Prof.dr.ir. Z. (Zofia) Lukszo
First External Supervisor : Jeroen Veger
Second External Supervisor : Mirthe Meijer





Preface

Completing this thesis marks the culmination of months of challenging yet rewarding work. My fascination
with the energy sector found its expression in this research, an opportunity I am grateful for, courtesy of
APPM. I am very grateful to my first supervisor, Enno Schöder, whose positive guidance and precise feed-
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Abstract

The research conducts an analysis of the Dutch day-ahead electricity market prices spanning from 2015 to
2022, examining the relationship between increasing RE penetration and day-ahead electricity price fluctu-
ations. The electricity price fluctuations over this time period are reviewed for patterns and recalculated for
inflation corrections that contribute to a surge in electricity prices post-August 2021.

This price volatility is further researched by three energy market phenomena. A part of these price
fluctuations can be explained by the presence of the Duck Curve phenomenon in the Dutch market, high-
lighting challenges associated with limited RE production time and energy demand. The Duck Curve, which
illustrates the net load over a 24-hour period, reveals a decrease in fossil energy production during daylight
hours and a peak in production during the night. When compared to California, this Dutch Duck Curve is
more stable with the incorporation of wind energy, signifying a more reliable and consistent energy supply
throughout the day.

Moreover, the study delves into another energy market phenomenon called the merit order effect, where
the increased penetration of RE with low marginal cost leads to declining day-ahead electricity prices. The
phenomenon is researched through the implementation of an OLS regression analysis. By plotting the results
in individual months and years the merit order effect is visualized. The results are showcasing increased
volatility, particularly in the latter part of the analyzed period (2020-2022). Fluctuations resembling a
Duck Curve are observed, emphasizing the impact of RE implementation on price decline during periods of
abundant RE supply.

Additionally, the cannibalization effect phenomenon is addressed where the growing penetration of RE
undermines their own economic value. The Unit Revenue and Value Factor are calculated to aid the analysis.
Followed up by the Prais-Winsten method to quantify this cannibalization effect. The results are revealing
negative correlations between solar and wind shares and Unit Revenue and electricity prices. Thus, as RE
penetration increases, electricity prices decrease, underscoring the cannibalization effect’s influence on price
fluctuations.

In conclusion, this study offers insights into the dynamic transformation of the Dutch electricity market.
The identification of key phenomena such as the Duck Curve, the merit order effect, and the cannibalization
effect provides empirical evidence of the market’s evolution. These findings underscore the critical need for
strategic management, targeted interventions, and innovative solutions. It is imperative to navigate these
changes effectively to facilitate the ongoing expansion of renewable energy technologies while upholding the
stability and competitiveness of the electricity market.
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CHAPTER 1
Introduction

Europe is undergoing a transition from fossil fuel energy to renewable energy (RE), aiming to achieve goals
set by the Paris Agreement and creating a more sustainable energy system. However, this transition is
not without costs and challenges. The intermittency and variability of renewable energy production create
problems with the stability and reliability of the energy supply. Balancing the fluctuating energy production
with the inelastic demand is therefore key to making the energy transition succeed. [Prol and Schill, 2021]
The fluctuating electricity price can be analyzed using various variables such as electricity production,
energy demand, energy supply, and net load, which represent the total energy production minus renewable
energy production. These variables can be examined on different time scales, including yearly, monthly,
weekly, or daily basis. [Prol and Schill, 2021] The time scales of these variables intricately interplay within a
nation’s electricity system, shaping the dynamics of its energy market. As the Netherlands, with the rest of
Europe, advances toward a RE-driven future, the challenge remains: To what extent does the incorporation
of renewable energy generation and the resulting energy phenomena impact the fluctuation of day-ahead
electricity prices for the Dutch electricity market?

1.1 Research introduction

1.1.1 Case study: The Netherlands

In the Netherlands, there has been a consistent rise in RE production over the past decade. At present,
renewable sources contribute to 15 percent of the total electricity demand on average. This renewable
energy primarily comprises wind, solar, and biofuels, making up 4, 6, and 5 percent point, respectively,
of the energy mix. It’s worth noting that the utilization of biofuels is gradually decreasing each year.
This reduction is a response to increasingly stringent regulations imposed by the EU. [CBS, 2023a] Biofuels
are typically introduced into conventional power plants, where they are combusted to generate heat and,
subsequently, electricity. As a result, biofuels are not a part of the intermittency and variability associated
with renewable energy production. This leaves us with solar and wind production, which are inherently tied
to the intermittency of renewable energy generation. In the literature, these two renewable energy sources
are extensively discussed, and various phenomena have been identified that could explain fluctuations in
electricity prices attributed to these renewable energy generators. The research focuses on three of these
identified phenomena namely, the Duck Curve, the merit order effect, and the cannibalization effect. Each of
these phenomena plays a significant role in understanding the dynamics of renewable energy integration and
its impact on electricity prices. The three phenomena will be explained in short in the following paragraph
and further elaborated in the literature review.
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1. INTRODUCTION

1.1.2 Electricity market phenomenons

First, the Duck Curve is a graphical representation of the daily net electricity load. It plots the net load on
the y-axis, which represents the total production for electricity minus the renewable energy production, and
24 hours of a day on the x-axis. Typically, the curve is based on the deduction of solar energy as a renewable
energy source. The plotted points form a curve resembling a duck due to its distinctive shape. The belly
of the Duck Curve represents excess energy supply during the day, when solar power is abundant, leading
to a drop in demand from conventional sources. The neck of the Duck Curve signifies the rapid increase in
demand in the evening as solar power diminishes and people return home, requiring more electricity from
conventional sources to meet the total rising demand.[Roberts, 2018]

Second, the merit order effect refers to an effect from the economic principle applied in energy markets.
This economic principle sets the electricity prices by prioritizing energy sources with the lowest marginal
costs, such as renewable energy, ahead of higher-cost sources. During periods of abundant renewable energy
generation, these sources are dispatched first, driving down electricity prices due to their low marginal
costs. This effect underscores the influence of RE generation on price fluctuation in the energy market.
[Figueiredo and Da Silva, 2019]

Third, the cannibalization effect occurs when the increase in renewable energy production leads to an
overproduction of energy supply during peak production periods. This abundant supply pushes down elec-
tricity prices due to the merit order effect, resulting in an impact on the unit revenues of renewable energy
generators. As the share of renewable energy in the market rises, the prices can decrease significantly,
affecting the economic viability of these generators. [Prol and Schill, 2021]

Finally, it is noteworthy that these three phenomena are interconnected, influencing and reinforcing
each other within the intricate framework of the energy market. The Duck Curve highlights the daily
fluctuations in demand and supply, the merit order effect dictates pricing based on variable costs, and the
cannibalization effect showcases the economic consequences of surplus energy supply on renewable energy
generators. Combined, they reflect the volatile environment of renewable energy integration and its impact
on fluctuating day-ahead electricity prices.

1.2 Context

1.2.1 Electricity market system

To understand the mechanism of an electricity system, it is essential to begin with a general overview. The
electricity system comprises various components, including an energy trading market, which can be further
subdivided into an intraday market, day-ahead market and Over-The-Counter (OTC) market. Additionally,
there is a balancing market and an auction for import capacity. Together, these interconnected marketplaces
form the comprehensive ”electricity market”. [Van Der Veen et al., 2007]

The production of electricity is traded on electricity trading markets or wholesale market or just elec-
tricity market, which operate on a global scale. These markets are not restricted to specific continents but
overlap across different regions. For instance, multiple countries can participate in the same trading market,
facilitating cross-border electricity transactions. Take, for example, the electricity exchange market EPEX,
which is operational in Austria, Belgium, France, Germany, Luxembourg, The Netherlands, Switzerland, and
the United Kingdom. Moreover, individual countries may have access to multiple electricity trading markets,
allowing for greater flexibility and diversity in trading options. For instance, Germany can also participate
in markets such as Nasdaq OMX, EXAA, Nordpool, and OMIP next to the EPEX. Each energy market has
its own unique characteristics and trading mechanisms. They may involve various types of auctions, such
as Over-The-Counter (OTC), Day-Ahead Auctions, Intraday Auctions, or real-time auctions, depending on
the specific market design. These auctions provide opportunities for electricity suppliers and consumers to
submit bids and offers for electricity transactions within specified timeframes. [EEX-Group and EPEX, 2023]

Next to the electricity trading markets are balancing markets where the Transmission System Operators
(TSO) or Independent System Operator (ISO) are key players. TSOs are independent entities that are
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1.2. CONTEXT

responsible for managing and operating the transmission grid, ensuring the efficient and reliable transmis-
sion of electricity with the use of the merit order dispatch. This merit order dispatch determines the most
cost-effective way to dispatch power plants by prioritizing low-cost generation sources, such as renewable
energy, before higher-cost fossil fuel-based generation. [Hirth and Khanna, 2020] TSOs serve parallel to the
electricity trading markets as intermediaries between electricity suppliers and consumers. One of the roles
of TSOs is to facilitate the competitive wholesale electricity market. They administer the market rules,
oversee the auction processes, and ensure fair competition among market participants. The TSOs provide a
centralized platform for electricity trading, where market participants can submit bids and offers for buying
and selling electricity like EPEX. [EEX-Group and EPEX, 2023] [TenneT, 2023]

Additionally, the provision of a centralized platform allows the TSO to ensure grid reliability through a
market-based mechanisms. They employ various market mechanisms, such as Day-Ahead Markets and Real-
Time Markets, to manage the supply-demand balance in real-time. In the Day-Ahead Market, participants
submit their bids and offer a day in advance, allowing the TSO to plan for the next day’s electricity needs.
In the Real-Time Market, participants can adjust their reserved amount of electricity and buy or sell in
response to real-time changes in supply and demand conditions. TSOs also support the integration of
intermittent renewable resources by implementing advanced forecasting and scheduling tools to manage
their variability.[TenneT, 2023]

Figure 1.1: An overview of the electricity market [TenneT, 2023][Van Der Veen et al., 2007]

Figure 1.1 provides a simplified overview of the Dutch electricity system, incorporating the aforemen-
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tioned topics. Starting with electricity generation, it illustrates how electricity is produced and subsequently
traded on electricity markets. However, after reaching consumers, the actual electricity usage is measured
and consumers receive individualized bills, which may differ from market prices due to factors like taxes,
distribution costs, and subsidies. The figure also mentions the balancing market, which plays a crucial role
in grid stability but will not be explored in detail in this context. Overall, this visual representation offers a
clear understanding of the electricity system’s flow, showcasing the interplay between electricity generation,
trading, and consumption in the Netherlands. The red box delineates the research scope.

1.3 Social and Economic challenges

In the aforementioned sections, the impact of integrating RE and the phenomena due to this integration is
briefly explained, followed by the fluctuations in day-ahead energy prices and their potential implications
for the electricity market in the Netherlands. The societal issue of price fluctuations has been acknowledged
by the European Central Bank as detrimental to consumers. Owing to the inelasticity and the high prices
observed during peak demand hours, consumers find themselves compelled to either curtail consumption of
non-energy goods and services, dip into their savings, or seek avenues to increase their income. Businesses,
similarly affected by these fluctuating energy costs, experience significant pressure due to electricity costs
constituting a substantial portion of their operational expenses. [Battistini, 2022] Consequently, the accel-
erated adoption of renewable energy sources has introduced several societal challenges, primarily associated
with their intermittency. This intermittency results in unpredictable shifts in the energy supply, thereby
leading to volatile day-ahead electricity prices. These fluctuations bear considerable implications for both
consumers and businesses, thereby shaping the landscape of the electricity market in the Netherlands.

1.4 Research problem and objective

As explained in the previous paragraph fluctuating electricity prices due to RE generation phenomena
could create social and economic challenges. However, when it comes to understanding how RE generation
phenomena relate to electricity price fluctuations in the context of the Dutch electricity market, a notable gap
in research pertains. To address this research problem, it is crucial to investigate whether the Netherlands
experiences phenomena such as the Duck Curve, the merit order effect, and the cannibalization effect, which
have been associated with renewable energy integration in other regions. These phenomena can shed light
on the dynamics between RE generation and day-ahead energy prices, offering valuable insights into the
Dutch electricity market’s resilience and adaptability in the face of increasing renewable energy capacity. By
comprehensively examining these interrelated factors through data analysis and regression modelling, this
research aims to provide a deeper understanding of how the integration of renewable energy accounts for the
fluctuations in the Dutch electricity market. The findings could aid in a renewable energy-driven future.

1.5 Masters relevance

The subject of the energy transition with the influences on energy market pricing is highly related to the
Management of Technology master as the core of the master prescribes problems of a technological nature
combined with sociotechnical and corporate influences. The master equips students with the essential skills
to analyze and respond to complex technological challenges. Understanding the dynamics of renewable
energy technologies and their influence on energy markets aligns seamlessly with the program’s objectives.
The fluctuations in energy prices due to renewable energy sources necessitate a nuanced understanding
of market dynamics, providing insightful analyses and strategic solutions. Moreover, understanding and
analyzing energy market pricing requires a multidimensional approach that incorporates both technological
and financial knowledge. It provides the opportunity to combine financial and corporate influences with a
technical approach. Finally, a better understanding of energy market pricing from a theoretical perspective
creates the institutional and economic support needed to succeed in the energy transition. Thus, any findings
from the research would result in valuable information for both theoretical and practical purposes.

14



1.6. RESEARCH OVERVIEW

1.6 Research overview

To achieve the research objective, this study is organized into several chapters, each serving as a step-by-
step guide that helps readers navigate from the initial problem definition to the eventual presentation and
interpretation of results. The following research structure provides an overview:

Chapter 1: Introduction

In this chapter, the subject is introduced with the research problem and objective. Furthermore, initial
knowledge about the subject is provided including contextual information.

Chapter 2: Literature Review

The literature review provides information about existing research in the subject area and elaborates
on the Duck Curve, merit order effect, and cannibalization effect. Finally reaching the identified
knowledge gap.

Chapter 3: Method

The research question is addressed through distinct methodologies tailored to each of the aforemen-
tioned phenomena and day-ahead price analysis. Each of these subjects is thus approached uniquely,
and these varied methods are thoroughly explored and detailed in this chapter.

Chapter 4: Data

The data chapter illuminates the types of data collected, its sources, the modifications made to align it
with the desired dataset, and the validation processes undertaken to ensure its accuracy and reliability.

Chapter 5: Data Analysis

The data analysis chapter uses the data that was gathered in Chapter 4 including the knowledge from
the literature review on the energy market phenomena. In turn, it provides the initial analysis of the
discussed energy market phenomena.

Chapter 6: Regression Analysis

The regression analysis chapter discusses two out of the three energy market phenomena. As the chap-
ter’s title suggests, these phenomena are analyzed using regression methods. The specific techniques
employed and their interpretations are explored and discussed in detail.

Chapter 7: Discussion

In the discussion, the findings are discussed including some of the shortcomings of the research. This
elaborates on the effect of the scope and the constraining factors.

Chapter 8: Conclusion

The research ends with a recap of the objective and the research question. This chapter then provides
answers to these research questions and describes any future research subjects.
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CHAPTER 2
Literature Review

To explore existing scientific knowledge, gain general knowledge, and discover a potential knowledge gap,
a literature review is carried out. The previously introduced subject of the influence of RE generation on
electricity prices has a variety of angles that need to be studied in order to create a clear idea of this potential
knowledge gap.

2.1 Search Methodology

A literature review can be conducted with the use of three different methodologies according to [Snyder, 2019].
The most fitting literature review, in this case, is a semi-systematic review which is suitable for ”topics that
have been conceptualized differently and studied by various groups of researchers” [Snyder, 2019]. The
literature review is conducted using three different databases: scopus, Google Scholar, and the TU Delft
repository. Google Scholar was used to find common themes and their synonyms. Starting off with ”influence
of renewables on energy prices” and ”the merit order”, ”Duck Curve” or ”the cannibalization effect”. From
forward snowballing, the terms ”spot prices” and ”EEX” (which is the european energy market) were found.
Other keywords used to narrow down the search results are displayed in Table 2.1.

Keywords Similar keywords

Duck Curve -
Merit order Merit order effect, MOE
Cannibalization effect -
Influence Impact, effect
Renewable energy Sustainable energy
Energy prices Electricity prices, Energy market, Electricity market
Day-ahead Spot prices, EEX, EPEX
EU Europe, Netherlands, Dutch

Table 2.1: Keywords
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2.2 Literature Findings

The evaluated papers are discussed according to their research content and divided into overarching themes.
The papers vary in types of data used, method of data analysis, types of energy sources, dates of publishing,
and geographical location that is researched. Each article has been reviewed and the summary of what the
article contains is visible in Table 2.2. The headers after Table 2.2 will discuss what the literature studies
have concluded and mention the boundary conditions of these literature studies in relation to the problem
statement.

Reference Data Energy sources Date Location
Simulation Historical Wind solar others

[Prokhorov and Dreisbach, 2022] X X X X 2022 Germany
[Schöniger and Morawetz, 2022] X X X 2022 Europe

[Prol and Schill, 2021] X X X X X 2021 Global
[Prol et al., 2020] X X 2020 Global
[Kolb et al., 2020] X X X X 2020 Germany

[Figueiredo and Da Silva, 2019] X X X X 2019 Germany
[Bublitz et al., 2017] X X X X 2017 Europe
[Dillig et al., 2016] X X X X 2016 Germany

[Paraschiv et al., 2014] X X X X X 2014 Germany
[Edenhofer et al., 2013] X X X X 2013 Global

[Mulder and Scholtens, 2013] X X X X 2013 Netherlands
[Hirth, 2013] X X X X 2013 Global

Table 2.2: Relevant sources

2.2.1 Development in the energy markets

The notion that RE generation impacts energy markets has been a topic of interest even before 2013.
However, the assessment of this impact has varied across different studies. [Hirth, 2013], for instance, adopts
a unique approach to constructing their models. They consider a minimal RE penetration of only 3 percent in
electricity markets and investigate the influence of variations in intensity, particularly different wind speeds.
This approach differs from examining a straightforward increase in the RE generation market share, as it
introduces complexities associated with comparing varying wind speeds. In another significant contribution,
Hirth collaborates with [Edenhofer et al., 2013]. In this paper, the authors explicitly highlight that the
impact of the variability of wind and solar power has not yet been adequately computed in the models.
This observation emphasizes the importance of considering the intermittent nature of renewable energy
sources when analyzing their impact on energy markets. Nevertheless, the other sources mentioned in Table
2.2 approach the analysis from a different perspective. They focus more on the general amount of energy
generated by renewable sources and incorporate these figures into their analysis. This approach provides
valuable insights into the overall contribution of RE to the energy mix without delving into the intricacies
of variability and intensity. If the generation quantity eventually exceeds the maximum demand at any time
there is no need for the variability examination of RE generation [Figueiredo and Da Silva, 2019].

As depicted in Table 2.2, 40 percent of the literature reviewed in this research was published more
than three years ago. It is noteworthy that within the last three years, the RE generation in the Nether-
lands has doubled [CBS, 2020] [CBS, 2023a]. This substantial increase in RE generation highlights the
importance of examining more recent data to capture the current dynamics of the energy market ac-
curately. Interestingly, the two most recent papers in the review, [Schöniger and Morawetz, 2022], and
[Prokhorov and Dreisbach, 2022], focus on analyzing their research question using data from either 2019
or 2020, respectively. Notably, the analysis conducted by [Schöniger and Morawetz, 2022] investigates the
effects of different RE generation shares in the energy production mix, ranging from 0 to 100 percent. Sur-
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prisingly, the study finds that the start of the maximum fluctuations in energy prices occur when the share of
RE generation reaches approximately 40 percent. Intriguingly, this percentage closely aligns with the current
amount of RE generation in use, making their findings particularly relevant to the current energy landscape.
Similarly, the research by [Prokhorov and Dreisbach, 2022] bases its analysis on a 40 percent market share
of EU-wide RE generation.

Next to the changes in the electricity generation landscape has there been a change in electricity prices
over these last three years. The trend of electricity prices has shifted from a decline to a sudden spike and
a subsequent overall increase. These price fluctuations are influenced by various external factors that occur
over the years, including taxes, inflation, and trade tensions.[CBS and Rijksoverheid, 2022] These changes
in prices are visualized in Figure 2.1 which was provided by the Dutch CBS.

Figure 2.1: The energy prices at the consumer. [CBS and Rijksoverheid, 2022]

However, differing perspectives from studies such as those conducted by [Bublitz et al., 2017] and [Mulder and Scholtens, 2013]
challenge the prevailing notion that the changes in energy prices is primarily attributable to RE generation.
According to these studies, the decrease in prices is more significantly influenced by fluctuations in natural
gas prices, carbon prices, and coal prices. This perspective is supported by the results from their regression
analyses, which reveal that the impact of RE was comparatively less significant over the observed period
than the effects of fossil fuel prices and carbon prices. It is crucial to note that both studies conducted
their research during a period marked by varying carbon pricing policies. Despite identifying an impact of
the increasing RE share on electricity prices, both [Bublitz et al., 2017] and [Mulder and Scholtens, 2013]
conclude that this influence is not substantial enough to emerge as the dominant driver of price dynamics
during the examined timeframe.

On another note are researchers discussing whether weather conditions affect energy prices. The Ger-
man and Dutch weather conditions were monitored and wind speeds, sunny hours, and water temperatures
were reviewed. The effect that these variations had on electricity prices was barely significant for wind
speeds, sunny hours, and water temperatures. [Mulder and Scholtens, 2013] It is even mentioned by oth-
ers that the energy markets are likely to be re-visioned due to the increase of renewable energy sources.
[Edenhofer et al., 2013]
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2.2.2 Regression analysis

The reviewed literature discusses a range of regression analysis methods applied to different types of data.
The choice of analysis method is contingent upon the nature of the data at hand. Specifically, when
dealing with analyses over a period of time, a distinct regression analysis approach becomes imperative
due to potential interference caused by autocorrelation. In the studies [Schöniger and Morawetz, 2022],
[Paraschiv et al., 2014], [Figueiredo and Da Silva, 2019], and [Mulder and Scholtens, 2013], a specialized method
called Autoregressive Conditional Heteroskedasticity (ARCH) was employed for time series analysis. This
method, originally proposed by Engle (1982), is tailored to account for the intricate dynamics of time-
dependent data. However, it’s crucial to note that other studies listed in the table opted for the Ordinary
Least Square (OLS) method, which does not incorporate considerations for autocorrelation in time series
analysis. This fundamental principle holds significant weight when analyzing time series data spanning from
2015 to 2022. Failure to account for this could result in erroneous beta values derived from the regression
analysis. Moreover, taking autocorrelation into consideration also addresses the assumption of independent
observations. The degree of autocorrelation was quantified using the Durbin-Watson test, where the values
can range from 0 to 4 [Kenton et al., 2023]. The value of 2 means that there is no autocorrelation anything
below 2 is a positive autocorrelation and above 2 a negative autocorrelation according to [Kenton et al., 2023].
[Schöniger and Morawetz, 2022] highlighted a significant autocorrelation, [Paraschiv et al., 2014] reported a
positive autocorrelation with an exact value of 1,689, and [Mulder and Scholtens, 2013] mentioned a sig-
nificant autocorrelation without specifying the exact figure. Intriguingly, other studies that performed a
regression analysis did not acknowledge the time series effect in their analyses thus, potentially introducing
biases into their findings.

2.2.3 The Duck Curve

As briefly touched upon in the introduction, there is a phenomenon called the Duck Curve. In the following
subsection, this phenomenon is explained in more detail. In 2008, researchers from the National Renewable
Energy Laboratory (NREL) discovered the electricity phenomenon called the Duck Curve. By reviewing the
daily net load in the electricity market they found that the fluctuating electricity production, due to the
implementation of RE like solar and wind, led to the emergence of this Duck Curve. [Denholm et al., 2008]
The name Duck Curve was given due to the shape of the curve. It showcases a distinctive shape resembling
a duck, with a deep belly representing the drop in net demand during the day due to abundant renewable
power production, and a steep neck depicting the rapid increase in demand as renewable energy generation
declines and energy consumption rises in the evening. Integrating high levels of RE in the market is chal-
lenging. Excess daytime generation can exceed demand, while the evening peak strains the grid’s capacity.
[Roberts, 2018] To aid the description, Figure 2.2 is provided with the data from the California Independent
System Operators.

The sudden increase in energy demand in the neck of the Duck Curve has significant financial and phys-
ical implications. From a financial perspective, meeting the surge in demand requires additional energy
generation capacity to be activated, resulting in higher fuel costs, increased maintenance expenses, and ele-
vated electricity prices due to the merit order (which will be covered in more detail below). On the physical
aspect, the sudden increase strains the power plants, requiring investments in maintenance to ensure relia-
bility, fuel storage to provide the needed fuel, and ramp-up rate to meet the required energy supply in time.
[Kumar et al., 2012] Additionally, the significant drop in net load during the day, when RE generation is at
its peak, can result in excess electricity supply in the market. This surplus RE generation, coupled with
the economic principle of supply and demand, can lead to a decrease in energy prices during those hours.
[Hirth, 2013] Moreover, for this Duck Curve, the geographical location plays a significant role in shaping
it. Weather conditions, including sunlight availability and wind patterns, exhibit regional variations. These
variations impact the generation patterns of RE sources and determine the limitations on where the en-
ergy can be distributed. [Hirth and Ueckerdt, 2013] Additionally, energy policies implemented differently in
countries, such as Germany, also contribute to the variation in the extent and impact of the Duck Curve
phenomenon. [Paraschiv et al., 2014]
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Figure 2.2: The Duck Curve due to solar energy penetration. [Roberts, 2018]

Additionally, the Duck Curve phenomenon could vary across continents and countries based on the
quantity and type of renewable energy production. The initial discovery of the Duck Curve originated from
NREL in California, as mentioned before, due to the anticipation of an increased share in PV installations.
The models developed at that time utilized the parameter of 1 to 10 percent PV penetration. This rep-
resents the annual electrical energy supplied by the PV installations in the entire Western Interconnect.
[Denholm et al., 2008] To put this in perspective, in 2020, the yearly energy production in California was
280 million MWh. [Commission and Nyberg, 2021] In the Netherlands, the energy production was 119 mil-
lion MWh. [CBS, 2021] This is more than twice as much but the amount of solar that the Netherlands has
installed produces 8,144 million MWh, [Van Middelkoop et al., 2021] which is within the percentage (6.8%)
of the model’s parameters creating an opportunity to compare the two.

2.2.4 Merit order effect

Next to the potential influence of the Duck Curve on electricity price fluctuation is the merit order effect.
The merit order effect is a result of the merit order itself. The merit order sets energy prices depending on the
demand and variable costs. It uses these variable costs of all the available energy sources which results in an
order from low to high variable costs. The fixed costs are not taken into account in this order. The demand
for energy during certain hours results in a specific price. Due to the low or zero variable or marginal costs
of RE generation, these are dispatched first, pushing down the prices due to their competitive advantage
over conventional fossil fuel-based generation. The effect of this merit order is thus the decrease in prices
during RE generation hours. [Hirth and Khanna, 2020] A theoretical visualization of the merit order effect
has been provided in Figure 2.3.
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Figure 2.3: The merit order due to renewable energy sources. [Appunn, 2021]

In the pursuit of quantifying the merit order effect, researchers have employed diverse methodologies.
[Hirth, 2013] and [Prol et al., 2020] utilized a value factor approach. This technique involves calculating
value factors for day-ahead prices by dividing these prices by the hours within a day, thereby establishing a
time-weighted average day-ahead price as a reference point. Specifically, for wind and solar, the value factors
are defined as the ratios of average wind and solar revenues to this base price. Analyzing changes in these
value factors over time provides insights into the merit order effect. However, it’s important to note that
these changes offer only percentage-based perspectives on the value of solar and wind, lacking an absolute
context.

In contrast, [Figueiredo and Da Silva, 2019] took a different approach. They estimated the merit order
effect by calculating a new market equilibrium considering wind and solar generation. This equilibrium, when
integrated into an OLS regression analysis, allowed for a deeper understanding of the impact. It’s worth
mentioning that [Prol et al., 2020] accounted for autocorrelation in their analysis, employing the Prais-
Winsten method within the regression framework. Both these methods, while differing in their approach,
provide quantitative insights into the economic competitiveness and influence of renewable energy sources,
utilizing day-ahead prices as a fundamental metric for their assessments.

2.2.5 Cannibalization effect

The merit order effect and the cannibalization effect are closely related phenomena within the realm of renew-
able energy integration, both impacting electricity markets according to [Prokhorov and Dreisbach, 2022].
The difference between the two phenomena can be best explained by first explaining the cannibalization effect
itself. The cannibalization effect occurs as a consequence of the rapid integration of RE share into the grid.
With the RE share expansion, particularly during peak production periods when renewable sources like wind
and solar are at their most productive, the market experiences an influx of abundant energy. This exceeding
demand drives down electricity prices due to the economic principle of supply and demand. Consequently,
this price reduction diminishes the revenues for renewable energy generators, creating a situation where
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their own success paradoxically contributes to a decline in their economic viability. [Prol and Schill, 2021]
Although this seems similar to the merit order effect are there some differences. The merit order effect
focuses on the price setting due to marginal costs which with the influence of RE causes a decrease in prices
whereas the cannibalization effect focuses on the Unit Revenue (UR) of RE sources. Next, the merit order
is visualized by the differences in the day-ahead pricing on peak hours of RE generation and the cannibal-
ization effect can be quantified by examining the decrease of Unit Revenue (UR) or Value Factor (VF). This
observes the decreasing prices between the hours creating the absolute cannibalization effect. To create a
better understanding, Figure 2.4 has been added with the difference between the merit order effect and the
cannibalization effect.

Figure 2.4: The (a) merit order effect and (b) cannibalization effect, both due to RE generation. Note the
different values of the y-axis, (a) representing the electricity price and (b) representing Unit Revenue (UR)
of electricity [Prol and Schill, 2021]

Figure 2.4 shows that next to the absolute cannibalization effect, the decline could also be expressed in
a relative cannibalization effect, which entails comparing the value factors to average day-ahead electricity
prices. Both these approaches provide different insights into the cannibalization effect. Besides the effects
and calculation method, the cannibalization effect has only been mentioned in more recent literature. Sur-
prisingly, discussions explicitly naming the cannibalization effect are relatively recent. [Prol et al., 2020]
stand out as pioneers, delving into this concept within the context of the energy transition. It’s noteworthy
that [Hirth and Ueckerdt, 2013] and [Hirth, 2015] does discuss the effect itself, although not under the spe-
cific term ”cannibalization”, making previous research harder to identify. Additionally, recent studies like
those by [Peña et al., 2022], [Prokhorov and Dreisbach, 2022], and [Prol and Schill, 2021] have explicitly ref-
erenced the cannibalization effect, although with data from diverse geographical locations. Moreover, even
the most recent papers are using data up till 2020 and are missing essential insights due to the dynamic
changes in the electricity market landscape during the years that followed.

2.3 Research Gap

The research on the impact of renewable energy on electricity markets requires a comprehensive examination
of RE capacity, electricity demand, prices, and other factors to understand their true influence on the
fluctuation of electricity prices. The recent increase in RE generation in the Netherlands underscores the
need for up-to-date data and analysis to accurately assess the current market dynamics. The general data
analyzed by the literature is not up-to-date as the latest data generated between 2020 and 2022 has not yet
been reviewed. Moreover, many of the articles describe the potential changes and create simulations to prove
their changes, none have empirically proven these changes using the data from the last 3 years. Furthermore,
specific phenomena like the Duck Curve, the merit order effect, and the cannibalization effect have not been
thoroughly investigated. Especially for the Netherlands are these phenomena not investigated, it remains
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uncertain whether these phenomena are indeed at play and, if they are, to what extent are they at play.
Continuing with if they are at play to what extent are they responsible for the impact of fluctuations in
electricity prices within the Dutch market.

2.4 Research Question

From the literature review a knowledge gap has been identified, to fill this research gap the following question
must be answered. Thus the main research question that must be answered is:
To what extent does the incorporation of renewable energy generation and the resulting energy phenomena
impact the fluctuation of day-ahead electricity prices for the Dutch electricity market?

2.4.1 Sub-question 1

Before the main research question can be answered, the prices and RE production over the last years must
be examined and reviewed in search of any variations or patterns. This results in the following sub-question:
What are the changes in fluctuation in the day ahead electricity prices and RE production from 2015 to 2022?

2.4.2 Sub-question 2:

In addition to an in-depth study on the variations and patterns in day-ahead prices and RE production, the
energy phenomenon must be researched using specific methods and historical data. For the Duck Curve,
this results in the following sub-question:
Does the Netherlands exhibit a Duck Curve phenomenon in its daily electricity market demand, and if so, to
what extent does it impact the day-ahead price fluctuations?

2.4.3 Sub-question 3:

Next to the research on the existence of the Duck Curve is another phenomenon called the merit order effect.
To research this merit order effect, the following sub-question must be answered:
To what extent is the merit order effect in the Netherlands and what is the impact on the day-ahead electricity
price fluctuation?

2.4.4 Sub-question 4:

The final energy market phenomenon to be explored for the Netherlands is the cannibalization effect. To
research this final phenomenon, the following sub-question must be answered:
To what degree is the cannibalization effect in the Netherlands and does it affect electricity price fluctuations
in the Dutch electricity market?
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CHAPTER 3
Method

In this section, the goal is to explain methods that can be used to answer the main research question men-
tioned above. To comprehensively address this question, the formulated sub-questions are used to delve
into specific aspects related to the influence of renewable energy on day-ahead prices. By employing diverse
research methods for each sub-question, insights are gained into the complex dynamics of the Dutch energy
market and the role of renewable energy sources in shaping price formations.

3.1 Type of research

Analyzing the fluctuations of prices within the Dutch electricity system, while specifically focusing on the
phenomena of the Duck Curve, merit order effect, and cannibalization effect, presents a multifaceted research
challenge. Given the complex interplay of these phenomena and their implications, the research must adopt
a meticulous and targeted approach. While the complexities of these phenomena are interconnected, it
is essential to delineate specific parameters and constraints to gain meaningful insights. [Bubaker, 2016]
Therefore, the research employs an exploratory type of case study research. This type allows for in-depth
empirical exploration of complex issues within their actual contexts, providing a nuanced understanding of
the interactions between renewable energy fluctuations and electricity pricing mechanisms. By focusing solely
on the Dutch electricity market, and examining the interrelated dynamics of the Duck Curve, merit order
effect, and cannibalization effect, the case study methodology aligns with the research’s need for detailed,
context-specific analysis. Moreover, this approach enables a deep dive into the nuances of these phenomena,
offering a comprehensive perspective that can inform effective decarbonization strategies and contribute
valuable insights to the energy sector’s stakeholders. Through this targeted research strategy, the study
aims to unravel the intricate relationships between renewable energy variability, market dynamics, and their
impact on energy pricing, providing valuable knowledge for future energy transition initiatives.

3.2 Approach

Sub-question 1, this sub-question focuses on understanding the changes and patterns in day-ahead prices
in relation to the market share of renewable energy generation. To investigate this, a quantitative analysis
will be conducted, comparing historical day-ahead prices with the corresponding market share of renew-
able energy. The historical data on the day-ahead electricity prices must therefore be gathered. This
data can be found on public websites where open data about the prices are shared ([ENTSO-E, 2023] and
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[EEX-Group and EPEX, 2023]). The available data from these websites for day-ahead prices are limited to
the year 2015 and onward. To verify the gathered data, alternative sources or databases will be explored. in
addition to this data, gas prices, wind energy production, solar energy production, and gas energy produc-
tion data be gathered (This data is available through [CBS, 2023b] and [ENTSO-E, 2023]). This approach
creates the possibility of analyzing the time series data of electricity prices and RE market share over a spe-
cific period, allowing for the identification of patterns, trends, and possible seasonality effects within the data.

Sub-questions 2, 3, and 4, though similar in phrasing, demand unique methods for their exploration.

Sub-question 2 delves into the intricate patterns of the Duck Curve, a phenomenon intricately linked to
the net load plotted on a daily basis. To dissect this, bivariate data analysis is employed due to the multi-
tude of variables contributing to the formation of the curve. The essential data, as outlined in the literature,
includes the hourly records of total demand, solar energy production, and wind energy production. Ensuring
these datasets are available on an hourly basis is crucial for a correct analysis and projection of the curve.
By scrutinizing these variables in relation to one another, the Duck Curve can be unraveled, shedding light
on its impact on the fluctuation of the energy market.

Sub-question 3, merit order effect, from the papers, has the merit order effect been identified using
a variety of methods. The research from these papers will be applied in a similar way to achieve the
quantification of the merit order effect. The selected method is an OLS regression analysis. This method
allows for the examination of the relationships between multiple independent variables (such as hourly
dummies) and the dependent variable (which in this case is the day-ahead energy price). Applying the
method of OLS regression analysis enables quantifying the impact of these variables on the day-ahead energy
prices and determining the significance of their relationships. It enables the identification of the merit order
effect and their respective contributions to price variations. The formula for the regression analysis can be
expressed as:

Day-ahead price = β0 + β1 ·D2 + β2 ·D3 + β3 ·D4 + ...+ β23 ·D24 + ϵ

Where:

Day-ahead prices: The dependent variable represents the day-ahead price per hour.

D2, D3, D4, ... D23: The dummy variables to quantify the merit order effect.

β0, β1, β2, β3 etc.: The regression coefficients, indicating the strength and direction of the relationship
between the independent dummy variables and day-ahead prices.

ϵ: The error term representing the unexplained variation in day-ahead prices.

The day-ahead price is filtered and used with a specific method. The filter selects only the specific month
and year e.g. January 2015, then uses the dummies for hours to calculate each hourly average for that
specific month and year. This can be mathematically expressed as:





HourlyDA
P 1,1

P 2,2

P 3,3

...
P d,h

 =



D1 D2 D3 ... D24
1 0 0 ... 0
0 1 0 ... 0
0 0 1 ... 0

... ... ...
. . . 0

0 0 0 0 1
Dd,h Dd,h Dd,h Dd,h Dd,h





t

With
d ∈ 1, ..., 28 ∨ 29 ∨ 30 ∨ 31

h ∈ 1, ..., 24
t ∈ 1, ..., 96

(3.1)
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3.3. RESEARCH OVERVIEW

Sub-question 4, the cannibalization effect is mentioned with its possible impact on the price fluctuation.
Nevertheless are these phenomena never explored in the Netherlands. The specifics on the quantification
of the phenomenon are also researched with literature and compared to the results from the literature in
this chapter. The selected method is a Prais-Winsten regression analysis. This method allows for the
examination of the relationships between multiple independent variables (such as solar share, wind share,
gas share, consumption, gas prices, and a variety of dummies) and the dependent variable (which again is
the day-ahead energy price). Applying the method of Prais-Winsten regression analysis enables quantifying
the impact of these variables on the day-ahead energy prices and determining the significance of their
relationships while accounting for any autocorrelation. It enables the identification of the cannibalization
effect and their respective contributions to price variations. The formulas for the regression analysis can be
expressed as:

Unit Revenue =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(3.2)

Value Factor =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(3.3)

Day-ahead price =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(3.4)

Where:

Unit revenue: The dependent variable represents the Unit Revenue of each day for 8 years.

Value Factor: The dependent variable represents the Value Factor of each day for 8 years.

Day-ahead price: The dependent variable represents the day-ahead prices per hour of each day for 8
years.

Solar share: Solar electricity production divided by total load.

Wind share: Wind electricity production divided by total load.

Consumption: Total demand at a specific day.

Gas Price: Price of gas at a specific day.

Dummies: dummies for 24 hours, weekdays, months, and years.

β0, β1, β2, β3, β4, β5, β6: The regression coefficients, indicating the strength and direction of the
relationship between the independent variables and day-ahead prices.

ϵ: The error term representing the unexplained variation in day-ahead prices.

These steps form a structured approach to researching the fluctuations in electricity prices and assessing
the impact of renewable energy in the Netherlands. Each step contributes to a comprehensive understanding
of the dynamics within the Dutch electricity market.

3.3 Research overview

In addition to the approach outlined above, a flow diagram has been created to visually represent the research
framework in Figure 3.1. This diagram delineates the main research question along with its corresponding
sub-questions and outlines the specific objectives associated with each sub-question. This visual aid provides
a clear roadmap for the research process, guiding the exploration of the intricate dynamics surrounding the
main topic.
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3. METHOD

Figure 3.1: The research roadmap
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CHAPTER 4
Data

The data-gathering phase of this research aims to collect relevant information on the factors influencing
day-ahead energy prices in the Dutch electricity market, with a specific focus on the impact of renewable
energy generation. Various data sources are explored, including historical electricity prices, renewable energy
market share data, solar production, wind production, and other variables that might influence electricity
prices. These data will be collected from reputable sources, such as energy market organizations, the Central
Bureau for Statistics (CBS), and other research institutions. By compiling and organizing this data, build a
comprehensive dataset that will serve as the foundation for the subsequent analysis of the effects of renewable
energy on day-ahead prices.

4.1 Day-ahead electricity prices

The initial dataset for this research was sourced from the EPEX group, an institution operating under the
EEX group, specializing in spot market trading. This dataset furnishes day-ahead electricity clearing prices
on an hourly basis and covers the period from 2016 to September 2022. To ensure data accuracy and reli-
ability, cross-verification was conducted using data available on the ENTSO-E website, which also provides
day-ahead prices. The validation process revealed no percent difference between the EPEX and ENTSO-E
datasets, affirming the quality of the EPEX data.

Consequently, the EPEX dataset was supplemented with additional data from ENTSO-E. The ENTSO-E
website offers data dating back to 2015 and continuously updates with new day-ahead prices as they are
cleared in the day-ahead market. These newly derived hourly prices were then integrated into the EPEX
dataset, resulting in a comprehensive set of hourly electricity prices spanning from 2015 to 2022.

Furthermore, it’s important to note that the dataset required adjustments for daylight saving time (DST)
to ensure consistency. Between March 26th and March 31st each year, one hour of data was missing, resulting
in 23 lines of data for those days. Conversely, between October 25th and October 31st, an extra hour of
data was present, resulting in 25 lines of data for that day. To address this issue, the missing hour was filled
by averaging the data from the hour before and after it, and the extra hour was removed. This adjustment
was necessary to create a uniform dataset where each day consistently consisted of exactly 24 hours and
therefore 24 lines of data.
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4. DATA

4.2 Total load and RE production

The next dataset required for the analyses was the total electricity consumption, also provided by ENTSO-E.
It’s worth noting that ENTSO-E offers this data on a quarterly-hour basis. To align this data with the price
dataset, hourly prices were derived by averaging the four quarterly-hour prices for each hour. Similar to the
price data, the consumption data had to be adjusted to account for daylight saving time (DST), employing
the same method to ensure a consistent dataset with 24 data points for each day. It’s important to note that
the total load provided by ENTSO-E is equal to the electricity consumption. The numbers presented on
the platform have already factored in various elements. ENTSO-E’s total load accounts for losses incurred
during auxiliary consumption, including resistance in cables, self-consumption in power plants, and voltage
conversion. Additionally, it considers electricity imports and exports, subtracting these from the data on
gross generation to derive the total load data. To further clarify this process, an illustration (Figure 4.1)
and a detailed calculation are included below.

Total load = Gross generation - Auxilary + Imports - Exports - Consumption by storages

Figure 4.1: Insights of the data from ENTSO-E. [ENTSO-E, 2016]

Furthermore, RE production data was incorporated into the dataset for future computations. This
dataset was also sourced from ENTSO-E. The RE production figures were available by each energy source
and the Wind and Solar production was combined and included to create the total RE production.

Notably, dataset needed alignment with the price dataset. The same method used for the Total load
where hourly prices were derived by averaging the four quarterly-hour prices for each hour was applied. As
well as for the other two data sets, total load and price, the consumption data had to be adjusted to account
for daylight saving time (DST), employing the same method to ensure a consistent dataset with 24 data
points for each day.
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4.3. FOSSIL FUELS

4.3 Fossil fuels

To comprehensively research the impact of renewable energy, it’s crucial to include data on fossil fuels, which
used to be the primary drivers of electricity prices before the introduction of renewable energy sources. In the
Netherlands, 70 percent of the electricity production from fossil fuels is created using natural gas [CBS, 2022].
Making the natural gas production a significant player in the electricity production. Fortunately, the ENTSO-
E transparency platform offers data concerning fossil fuels, including electricity production from gas burning.
The data on electricity generated from gas is also provided at a quarter-hourly interval. To align it with
the same time intervals as the prices, total load, and renewable energy production, the four quarters were
averaged per hour. Additionally, adjustments were necessary to accommodate DST with the same method
as the other datasets, ensuring consistency in the combined dataset.

The final addition of data to the dataset is the gas prices which contribute to the prediction of the impact
of RE. Unfortunately are gas prices not available through ENTSO-E and therefore not measured on the same
interval scale as the other factors. The gas price data is obtained from the CBS database. The dataset,
while originally available on a quarterly basis, was utilized for this analysis, even though the electricity price
data is calculated on an hourly basis. To align the quarterly gas price data with the hourly intervals, a
harmonization process is employed. This involved duplicating the gas prices corresponding to each specific
quarter and populating them for each hour within that quarter. This method ensured that the gas price
data could be effectively integrated into the hourly analysis.

4.4 ENTSO-E validation

In some instances, cross-referencing the collected data with other available sources was feasible. However,
when it comes to validating the data from the ENTSO-E source, our primary reference was the comprehensive
review conducted by [Hirth et al., 2018]. This review encompassed data from various countries, including
the Netherlands, and assessed both its completeness and consistency. In terms of total load, the Netherlands
received a favorable evaluation, boasting no missing data and maintaining consistency within a three percent
deviation when compared to Eurostat data. Similarly, for generation per production type, specifically solar
and wind, the Netherlands demonstrated impressive levels of data completeness, with minimal missing data
(3.8% for solar and 1% for wind), and an even higher degree of consistency, with a deviation within 2 percent.
Consequently, based on this assessment, can confidently be concluded that the ENTSO-E data accurately
represents the factual data for the Netherlands [Hirth et al., 2018].

4.5 Software

In the process described, various datasets were amalgamated and refined. Microsoft Excel v2309 was the tool
of choice for opening and modifying these datasets as both the company APPM and the Technical University
of Delft provided access to a license. Excel, a versatile software, empowers users to create, arrange, and
analyze data using rows and columns. Its capabilities span tasks such as calculations, data analysis, chart
creation, graph design, and financial management. With a user-friendly interface and an extensive array
of functions and formulas, Excel facilitates intricate mathematical, statistical, and logical operations. Its
widespread usage in businesses, educational institutions, and personal finance management is owed to its
efficacy in handling numerical data. [CFI-Team, 2023] For the regression analysis, IBM SPSS Statistics v29.0
was employed, a specialized program tailored for advanced statistical analysis, efficient data management,
and comprehensive data documentation. [SPSS, 2023] While there are alternative options like Statistical
Analysis System (SAS), Stata, R, and Minitab, the choice to use IBM SPSS Statistics was influenced by
the accessibility of a license provided through the Technical University of Delft. This availability made IBM
SPSS Statistics the practical choice to execute the analysis, ensuring both the necessary tools and time
considerations were met effectively.
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CHAPTER 5
Data analysis

In the following chapter, we delve into electricity prices, RE share, and the descriptive statistics. Descriptive
statistics provide a concise summary of the main characteristics of a dataset. In the analysis of electricity
prices, these statistics will be utilized to gain insights into central tendencies, variability, and patterns within
the data. Key measures like the mean, median, standard deviation, and percentiles will help to grasp the
overall distribution and behavior of electricity prices over the years 2015 to 2022. Figure 5.1 shows a graph
with the descriptive statistics of the electricity prices and RE share for each year. Notably is the increase in
RE share and the minimum and maximum prices. The absolute values used for the graph are also added in
Table 5.1 below Figure 5.1.

Figure 5.1: The descriptive statistics of the prices and RE share per year
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Table 5.1: Table of descriptive statistics of the prices and RE share

Descriptive Statistics

Year 2015 2016 2017 2018 2019 2020 2021 2022
Std deviation 10,83012 11,31679 12,76522 15,17866 11,27492 16,11563 74,70981 131,5357
Min 0 0 0 0 -9,02 -79,19 -66,18 -222,36
Max 99,77 135 151,07 175 121,46 200,04 620 871
Mean 40,06292 32,103 39,32839 52,48128 41,25432 32,02264 102,8698 244,0314
Median 39,94 30,685 36,835 50,935 39,7 32,86 78,305 217
RE Share 5,73 5,84 6,5 7,39 8,89 13 14 15

5.1 Price pattern

In order to gain a more comprehensive understanding of electricity price behavior, the data undergoes a
yearly review. Before plotting this data, it’s essential to account for the influence of inflation. Given that
the dataset spans from 2015 to 2022, the prices from different years are not inherently comparable due to the
effects of inflation. To rectify this, the Consumer Price Index (CPI) is employed as a means to standardize
these values. The CPI tracks changes over time in the prices of a specific basket of goods and services,
making it a well-balanced measure for assessing inflation’s impact on electricity prices.

Figure 5.2: The hourly electricity prices plotted per year a) without and b) with CPI inflation correction
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5.2. RENEWABLE ENERGY SHARE

While another option could have been to use the GDP index, it’s important to note that the GDP index
primarily serves as a measure of the prices of all goods and services, while the CPI focuses exclusively on
a specific basket of goods and services. This basket includes the energy prices making it better suitable
for inflation correction. [CBS, 2007] Additionally, GDP includes a much broader spectrum of economic
activities, encompassing not only consumption but also investments, government spending, and net exports.
Therefore, using GDP as an inflation factor might introduce unnecessary complexity and less relevance when
assessing the impact of inflation on electricity prices. [Faust and Wright, 2013] This selection of the CPI
as the inflation factor ensures a more accurate reflection of how inflation influences electricity prices. The
result of the inflation correction on the electricity prices can be shown in Figure 5.2. The figures are based
on hourly price data, plotted for 8 years.

The presented figures (Figure 5.2) offer insights into patterns in electricity prices. First and foremost,
both graphs in Figure 5.2 undeniably depict a substantial price surge that was initiated around August 2021,
subsequently leading to heightened price volatility. It is noteworthy that this surge in electricity prices in
2022 may be attributed, at least in part, to the geopolitical tensions between Russia and Ukraine. Although
this started in 2022, it is possible that the months preceding this tension already had an impact on the
electricity market. [Europese-Raad, 2023]. Secondly, the role of inflation in contributing to this pronounced
price surge appears to be rather limited. Although there was a modest reduction in the magnitude after
the inflation correction during 2021 and 2022, prices have consistently maintained a significantly elevated
position compared to previous years. This sustained increase in prices underscores the influence of factors
beyond inflation on the observed price dynamics. Lastly, the heightened volatility aligns with the occurrence
of negative prices. While negative prices began in 2019 (visible in the descriptive statistics in Figure 5.1),
their magnitude substantially increased in tandem with rising volatility.

5.2 Renewable Energy share

Upon analyzing electricity price patterns and considering inflation, the next step involves investigating the
patterns in RE share and load. As briefly mentioned in the descriptive statistics, this chapter commences by
addressing the average RE generation, accounting for approximately 15 percent of the demand. This average
RE production has nearly doubled since 2015, rising 7 percent points over the observed eight-year period.
However, it is essential to note that this percentage is an average, and the portion of electricity demand
covered by RE is significantly higher during the daily cycle. This RE generation share is illustrated in Figure
5.3, particularly in recent years where peak energy shares have frequently soared to 40 and 50 percent of the
total energy demand.

Figure 5.3: Share of RE provided by ENTSO-E
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Despite the upward trajectory of RE production, the starting point on the graph still hovers above zero,
signifying instances with no RE generation. However, there has been a noticeable shift over the years. In
particular, the last three years have seen significant changes. The average RE production in the lowest
quartile of each year has increased from 1 percent to 3 percent, suggesting a more consistent energy supply
through RE sources. Similarly, the upper quartile has risen from 19 percent to 31 percent, indicating a more
stable RE generation throughout the days. These numbers reflect an encouraging trend towards a more
reliable and constant supply of energy from renewable sources. In the following sub-chapter is the daily
demand covered and shown on a smaller scale.

5.3 The Dutch Duck Curve

While the yearly electricity price graphs provide valuable information about price levels, they do not inher-
ently reveal the distinctive shape of a Duck Curve. To unveil this shape, two different scales are essential:
the net load, which reflects the hour-by-hour electricity demand, and a 24-hour daily cycle. To introduce the
concept of the Duck Curve, it is initially visualized within the context of the California electricity market, as
demonstrated in the introduction in Figure 2.2. This iconic curve was originally constructed by the Califor-
nia Independent System Operator, representing a day in March. Notably, such a curve as visible in Figure
5.4 has never been produced for the Netherlands. To facilitate a more direct comparison, the Dutch Duck
Curve is plotted on the same day as the California Independent System Operator (CAISO) curve, thereby
providing an intriguing perspective on the evolving dynamics of the Dutch electricity landscape.

Figure 5.4: The Dutch Duck Curve with a) total RE and b) solar

The analysis of the Dutch Duck Curve shows patterns in the electricity demand. Similar to the CAISO
for solar energy, the starting points of the Dutch Duck Curve reflect the absence of sunlight. This similarity
implies that both regions share common challenges concerning solar energy production during periods of
limited daylight. The curve prominently exhibits a distinctive ”belly” resulting from robust solar electricity
generation, followed by a steep ascent, wherein alternative energy sources must compensate for the lack of
solar power. A noteworthy observation pertains to the energy consumption in 2019, which was notably lower
than in other years. However, with the integration of wind energy (see Figure 5.4a), a significant divergence
emerges. While the Dutch Duck Curve does indeed experience the inclusion of wind energy, the net load
remains lower even during daylight hours. This addition of wind power contributes to a ”flatter” Duck Curve,
characterized by the reduction in the deep belly and steep neck. In conclusion, the incorporation of wind
energy into the Dutch energy mix results in a less pronounced impact on the net load curve compared to solar
energy. The Netherlands boasts a more substantial wind energy capacity than solar, thus elucidating the
reduced prominence of the Duck Curve. Consequently, it can be inferred that the Dutch electricity market
may be less susceptible to extreme price fluctuations driven by renewable energy sources in comparison to
markets heavily reliant on solar power like California.
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CHAPTER 6
Regression analysis

After preparing and formatting the dataset to be compatible with statistical analysis programs, a new
series of analyses was undertaken. The program used is SPSS (Statistical Package for the Social Sciences), a
versatile software program extensively employed for statistical analysis and data management. Its capabilities
encompass a broad spectrum of statistical analyses, encompassing descriptive statistics, hypothesis testing,
and regression analysis, among others. The regression analysis capability will be primarily used.

6.1 Quantifying the merit order effect

To address the third sub-question, a similar approach as employed by [Prol et al., 2020] was adopted to
quantify and then visualize the merit order effect. This effect is quantified by the calculation of average
hourly prices for 24 hours of a specific month for each year in the data set. To create these daily averages
an OLS regression analysis was used. The results of the regression provided data that could be used to plot
and visualize the merit order effect. Notably, did [Prol et al., 2020] initially visualize the merit order by
plotting the hourly electricity prices for an average day for each month of the year. To emphasize the merit
order effect specific to Dutch electricity prices, some modifications were introduced compared to Prol et al.’s
visualization. Subsequently, a regression analysis was executed to quantitatively visualize the impact of this
cannibalization effect. The regression formula that is used for this purpose is detailed below. The variables
are also explained to add to the understanding of the calculation. The specifics of how this regression analysis
operated will be elaborated upon in the subsequent paragraph.

Day-ahead prices = β0 + β1 ·D2 + β2 ·D3 + β3 ·D4 + ...+ β23 ·D24 + ϵ (6.1)

Where:

Day-ahead prices: The dependent variable represents the day-ahead prices per hour of each day for 8
years defined in Euro’s per mega Watt hour.

D2, D3, D4, ... , D24: The dummy variables to quantify the merit order effect.

β0, β1, β2, β3 etc.: The regression coefficients, indicating the magnitude and direction of the relation-
ship between the independent dummy variables and day-ahead prices.

ϵ: The error term representing the unexplained variation in day-ahead prices.
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To delve deeper into the process, the analysis began with a dataset containing hourly price data spanning
from 2015 to 2022. To extract the desired figures, two filters were applied: one to select specific months
and another to isolate individual years within the dataset. Combining these filters created distinct month-
year combinations, serving as input for the OLS regression analysis. The regression formula incorporated
24 dummies, representing the 24 hours in a day, allowing for a granular examination of price fluctuations
throughout the day as explained above. With 96 separate regressions executed, corresponding to the 96
unique month-year combinations, detailed insights were gained. From these regressions, 12 figures were
generated, each illustrating the variations in the average hourly price fluctuation for specific months across
eight different years. These figures provide an empirical view of the market dynamics, capturing the interplay
of time, price, annual fluctuations, and the merit order effect. Furthermore, to enhance the evolution of the
merit order effect, these 12 figures were combined into a single figure, denoted as Figure 6.1.

Figure 6.1: The effects of the merit order visualized on 24 hours. Each figure displays the average price
change for a specific hour, month, and year. Subsequently, this data is plotted on a daily basis (24 hours),
with the specific month and year shown above and to the right of the figure.

To clarify the figures presented (Figure 6.1), it is important to note what the values in each of the figures
represent. The regression analysis calculates beta coefficients for each dummy. Each unstandardized beta
is associated with a specific hour’s dummy variable indicates the change in the electricity price relative to
the chosen reference hour of 00:00 of a new day, this serves as the baseline. A positive beta suggests that,
on average, electricity prices during that hour are higher compared to the reference hour, while a negative
beta implies lower prices. The magnitude of the beta indicates the extent of this price change. These beta
coefficients corresponding to specific hours are plotted, each representing a particular time of day, and these
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plots are generated for a selected year. This approach emphasises the fluctuations of the prices and provides
a comparison over the years as the absolute value of the price of this year is left out.

When comparing Figure 6.1 with Figure 5.2, which displays annual price data, a similar conclusion arises,
a noticeable increase in price volatility around August 2021. This is particularly evident as the blue line
for 2021 starts to exhibit greater curvature, aligning more closely with the brown line for 2022. The figures
also seem to portray a slight Duck Curve shape in certain months, although this is not the Duck Curve
phenomenon. This shape could also formed by the introduction of RE generation when looking at the Duck
Curve.

Furthermore, the merit order effect becomes clearly visible, consider the graph from August (Figure 6.1),
a month characterized by sunny weather. Over the course of 24 hours, distinct price fluctuations reveal the
impact of RE production on the market. In the initial four hours, prices steadily decline due to low energy
demand during the early morning hours. However, at the fifth hour, a sharp price increase occurs, persisting
until the seventh hour, triggered by a surge in demand coinciding with a reduction in RE production. The
following hours, from 8 to 14 o’clock, witnessed a significant drop in prices. This drastic decrease is attributed
to the abundant supply of RE generation flooding the grid, thereby driving down market prices. However, as
the day progresses, around the fifteenth hour, prices begin to rise again. This uptick is fueled by increasing
demand and a gradual reduction in RE production. The price surge continues until the nineteenth hour,
at which point the escalation halts. From this point onward, prices start to decline steadily, reaching the
lowest point at the twenty-fourth hour, mirroring the diminishing energy demand as the day comes to a
close. These price fluctuations illustrate the merit order effect, showcasing the interplay between energy
supply, demand, and RE production in shaping electricity prices.

6.2 Quantifying the cannibalization effect

From the quantification and visualization of the merit order is shown that there is a decrease in electricity
prices when RE production enters the electricity market. However, to determine how much these price
changes are directly influenced by the increasing renewable energy generation, a distinct analysis is required,
which will also answer the fourth and final sub-question. To address this fourth sub-question, inspiration
from the quantification method by [Prol et al., 2020] was used to quantify the cannibalization effect. In the
paper, they use the unit revenue (UR) and Value factor (VF) as variables in their regression analysis for wind
and solar integration. Nevertheless, a notable adjustment was made to incorporate the total RE production
rather than focusing solely on wind and solar sources. This modification accounts for the days with zero
solar production, which posed a challenge in the calculations. To mitigate errors caused by dividing by zero
in such instances, the formulas use the total RE production rather than calculating solely wind and solar
factors. The resulting formula for the calculation of the UR and VF is the following:

URRE
t =

∑24
h=1 phq

RE
h∑24

h=1 q
RE
h

with t ∈ 1, ..., 2920 (6.2)

V FRE
t =

URRE
t

p̄t
=

∑24
h=1 phq

RE
h /

∑24
h=1 q

RE
h∑24

h=1 ph/24
with t ∈ 1, ..., 2920 (6.3)

To elaborate on these formulas, the URRE is determined as the RE generation-weighted electricity prices,
providing a measure of the revenues or market value generated per unit of energy produced. To put it more
simply, the UR calculates the revenue of RE in euros for one day of electricity. The VFRE , on the other
hand, represents the ratio between unit revenues and the average electricity prices. Furthermore, these
two equations incorporate hourly day-ahead electricity prices, denoted as ph, and the hourly quantity of
generation of RE technologies denoted as qRE

h . It’s worth noting that next to [Prol et al., 2020] the approach
also aligns with the study by [Hirth, 2015]. With the calculation of the UR and VF two graphs are created
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and visible in Figure 6.2. Notably, the data on the graphs for both y-axis is presented on a daily interval due
to the calculation method utilized in the formulas. This method involves considering the 24-hour period,
thereby providing daily values for analysis.

Figure 6.2: a) UR and b) VF

These graphs (Figure 6.2) exhibit notable changes in yearly patterns similar to the Duck Curve and
the merit order effect, reflecting increased fluctuations in UR (for the last two years) and VF (for the last
three years). The added trendlines offer quantitative insights into UR and VF patterns. The UR trendline
shows a slope increase of e0.0557 per MWh over time, seemingly suggesting a rise in electricity revenue.
However, this increase is a response to the overall escalation in electricity prices, as seen in Figure 5.2. The
cannibalization effect becomes apparent in daily UR fluctuations due to RE generation. This observation
will be checked by the interpretation of the results of the Prais-Winsten analysis.

Additionally, the VF trendline displays a nearly negligible negative slope of 0.0001 percent point, showing
a subtle decline in the value of electricity. Notably, VF fluctuations intensified after 2020, indicating distinct
periods during the day when electricity value peaks compared to other moments. In the middle of 2022, for
instance, the VF reached its peak at 140 percent, signifying that renewable electricity was valued 40 percent
higher than an average unit of electricity. Comparing this to the lowest peak in mid-2021 at 6 percent, there
was a substantial difference of 134 percentage points. While this is an extreme illustration, the line shows
more highs and lows than before 2020. Additionally, amidst these increased fluctuations, the average VF
of RE stood at 99 percent, indicating that, on average, a unit of electricity generated from renewables was
only 1 percent less valuable than conventionally generated electricity, suggesting a slight decline in the value
of RE generation. This observation also hints at the presence of the cannibalization effect, which will be
explored in the subsequent section.
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The calculation of UR and VF comes with a single drawback: the loss of hourly comparison. This
limitation arises from the method employed in the formulas, leading to the calculation of daily UR and VF
values. As mentioned earlier, this daily aggregation results in the loss of some granularity.

To compare if the loss in data creates a difference in results, a variation on the regression formula,
distinct from the one used by [Prol et al., 2020], is employed to provide a more comprehensive perspective.
This formula utilizes different variables as the Prais-Winsten analysis for UR and VF. In their formula, they
incorporate the gas share variable, aiming to enhance the R-squared value by introducing more independent
variables to explain the dependent variable. However, a critical consideration arises regarding the potential
consequence of prioritizing a higher R-squared by including numerous independent variables, as it may lead
to the development of illogical models. An example of an illogical model is overcontrolling, where certain
variables are integrated into the regression analysis when they shouldn’t be there. This happens when the
included variables are being fixed, despite their inherent need to fluctuate with changes in the dependent
variable. [Wooldridge, 2019] In the analysis conducted by [Prol et al., 2020], the gas share is considered
among the independent variables. However, as the share of RE increases, it becomes illogical to keep the
gas share fixed. Since more energy is generated by RE, the gas share should logically decrease, as the same
amount of energy would be needed. To address this, the analysis is run twice: first, without the gas share to
observe the results without overcontrolling, and then again with the gas share to assess the influence on the
R-squared and other variables in the analysis. In addition to the analysis conducted by [Prol et al., 2020]
is another regression analysis with the electricity price as the dependent variable added for comparison.
This inclusion, using hourly interval data, allows for a more detailed examination. The resulting regression
formulas with their variables are as follows:

URRE =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(6.4)

VFRE =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(6.5)

Day-ahead price =β0 + β1 · Solar share + β2 ·Wind share + β4 · Consumption + β5 ·Gas Price + β6 ·D+ ϵ
(6.6)

Where:

URRE : The dependent variable represents the Unit Revenue of each day for 8 years.

VFRE : The dependent variable represents the day-ahead prices per hour of each day for 8 years.

DA prices: The dependent variable represents the day-ahead prices per hour of each day for 8 years.

Solar share: Solar electricity production divided by total supply.

Wind share: Wind electricity production divided by total supply.

Consumption: Total demand at a specific day.

Gas Price: Price of gas at a specific day.

Dummies: dummies for 24 hours (is only used if IV is the Day-ahead prices), weekdays, months, and
years.

β0, β1, β2, β3, β4, β5, β6: The regression coefficients, indicating the strength and direction of the
relationship between the independent variables and day-ahead prices.

ϵ: The error term representing the unexplained variation in day-ahead prices.

The analysis results are presented in Table 6.1, where various key variables are displayed, including
Consumption, Solar Share, Wind Share, and Gas Price, denoted in units of MWh, percent, percent, and
Euros respectively.
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6. REGRESSION ANALYSIS

Table 6.1: The Prais-Winsten regression analysis results

Dependent variable URRE VFRE Electricity Price

Regression Coefficients Unstandardized B Unstandardized B Unstandardized B
Consumption -0,005*** -1,679E-6 0,003***
Solar Share -139,986* 0,336* -58,982***
Wind Share -113,391*** 0,073*** -36,695***
Gas Price -0,615 -0,001*** 0,664*
Rho (AR1) 0,895 0,090 0,958
R Square 0,280 0,060 0,162
Adjusted R Square 0,273 0,051 0,161
Durbin-Watson 2,066 1,999 1,570
The Prais-Winsten estimation method
*p<0,1
**p<0,05
***p<0,01

By going step by step through the output, several key relationships are interpreted and highlighted.
Firstly, in analyzing the UR column, an increase of one MWh in consumption results in a 0,005 decrease
in UR. Furthermore, a one percent point increase in solar share and wind share correlates with a 139,986
euro per MWh RE decrease in UR and a 113,391 euro per MWh RE decrease in UR. This implies that as
RE production rises (solar and wind share increase), the revenue per unit of electricity of RE decreases. It’s
important to note that the Solar share’s Unstandardized B was not significant, indicated by a P-value of
0,101, but the wind share exhibited strong significance. The combination of these two variables provides the
quantified cannibalization effect for the Netherlands proven by UR. Among the control variables, however,
the gas price variable does not show a significant P-value (p=0,136) making it not relevant for the interpre-
tation. Nevertheless, an interesting observation with the dummy variables was the higher, non-significant
P-values from September to December compared to the months before September.

Secondly, the column of the VF. In the case of consumption, a one MWh increase in consumption re-
sults in a negligible decrease of 1,679E-6 p.p. in VF, indicating that the increase in consumption has little
influence on the value of one MWh of electricity supplied. Thus, showing little elasticity in energy demand.
Surprisingly, both solar and wind shares positively influence VF, seemingly contradicting the trendline from
Figure 6.2b which is showing a small VF decrease due to RE penetration. This discrepancy might be due
to the moderate significance of solar share. Gas share and gas prices exhibit strong correlations with VF,
indicating their influence. The dummies demonstrated non-significant results in winter compared to summer
months.

Thirdly, analyzing the electricity prices column, what can be observed is that a one MWh increase in
consumption corresponds to a mere 0,004 euro rise in electricity price, indicating again a minimal impact.
This positive correlation presents a logical relationship, as the increase of consumption (thus demand) the
electricity prices rise. Nevertheless, the results are of a negligible magnitude. Moreover, the solar and wind
shares affirm the cannibalization effect for the Netherlands, mirroring the patterns seen in UR, with both
indicating a negative correlation with electricity price increments. Essentially, as solar and wind energy
shares rise, the electricity price decreases. This destruction of market revenue is the literal description of the
cannibalization effect. Conversely, gas share and price exhibit a logical and opposite relationship to renew-
able energy, suggesting that higher gas share and prices lead to increased electricity prices. A noteworthy
observation regarding dummy variables is their lack of significance when prices transition from positive to
negative or vice versa. This finding implies nuanced dynamics in response to shifting market trends.
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6.2. QUANTIFYING THE CANNIBALIZATION EFFECT

Next to the specific column interpretation, several general insights emerged from the data analysis.
Firstly, the daily interval showed a generally lower P-value, indicating its significance. In this interval, two
out of the five URRE variables were not significant, while three variables from VFRE had p-values above
0,01, 0,05, and 0,1. In the hourly interval, only one variable had a p-value above 0,05, highlighting its higher
significance. Additionally, considering autocorrelation (Durbin-Watson values), the hourly interval analysis
scored higher (all staying within a relatively normal range between 1,5 and 2,5) which could be due to the
larger number of observations. The daily interval comprised 2922 lines of observations, while the hourly
interval had 70127 lines. Moreover, the analysis revealed that overall consumption was not significantly
influenced by UR, VF, or Electricity price, confirming an inelastic demand for electricity. Lastly, the URRE

analysis proved to be the best predicting model of the three, explaining nearly 30 percent of the variable
URRE . It’s important to note that while the research was not aimed at creating a predictive model but
rather an evidential one, the current values of R Square suggest the potential for adding more variables to
enhance predictability. Although a value of 60 percent is preferable for predictive models are values of almost
30 and 20 percent acceptable in this case, as the price fluctuations are not only dictated by the included
variables. The VFRE exhibits a remarkably low R Square, indicating that there are likely other variables
that provide a better explanation for VFRE .

The regression analysis of the URRE and electricity price clearly reveals the cannibalization effect for the
Netherlands. The URRE shows a strong negative correlation with solar share and wind share of -139,986 euro
per MWh RE and -113,391 euro per MWh RE respectively. Similarly, the correlation with electricity prices
and solar and wind share is negative, -58,982 and -36,695. These negative correlations provide evidence and
quantify the cannibalization effect in the Netherlands. Consequently, this effect influences electricity prices,
indicating that a higher RE share leads to more substantial price decreases during production hours.
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CHAPTER 7
Discussion

The discussion on the analysis of day-ahead electricity price fluctuations and RE production in the Nether-
lands highlights several crucial points. These are discussed and evaluated on what the results of the chapters
entail and how relate to more practical circumstances.

7.1 Findings

7.1.1 Results discussion

In the analysis of the duck curve, the outcome was unmistakable. However, it’s important to note that
the results are only compared to one specific day, and this day could be an exception compared to others
throughout the year. To provide a more comprehensive assessment of the existence of the duck curve, the
evaluation could benefit from additional comparisons with other days. This approach would contribute to a
more thorough review, although it is likely to yield similar results, given the low probability of this particular
day being the best comparison to the chosen day provided by CAISO.

The visualized merit order effect, derived from the analysis, supports its existence but involves certain
assumptions. The assumption is that the decreasing prices during the investigated period are solely explained
by the oversupply of solar and wind, based on the Dutch duck curve results showing a dip in fossil fuel energy
production during RE production hours. While this connection seems evident, some argue that comparing
two figures without an individual regression to assess whether both phenomena correlate and influence the
price fluctuations might lead to a different outcome.

Additionally, the cannibalization effect found on UR and electricity price yielded a concrete quantified
result, but the VF provided a more controversial answer, contrary to the previously found results. The reason
for this unexpected outcome remains unclear after reviewing the calculations from the data, especially as
the other two factors provide an answer in line with the previously found results. The UR is also calculated
from the same data, and the VF calculation also uses the data from UR, suggesting that the outcome of VF
would be similar.

Moreover, outliers were included in the regression analysis from the cannibalization effect. While outliers
are often considered as data points that deviate significantly from the overall trend, the use of historical
data showed that they could provide valuable insights. Although regression analysis typically assumes the
absence of outliers, retaining these exceptional data points added to the comprehensiveness of the data. As
the assumption is made that there are no outliers but only extreme fluctuation, no reduction of the data
was made and all anomalies were included that have a significant impact on the observed relationships. This
assumption could be wrong and result in reduced model robustness.
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7. DISCUSSION

7.1.2 Practical implementation

In the literature review are discoveries made on the solution of these price fluctuations. This is on a more
practical level also where this thesis tries to work towards, by providing an answer to the problems of
unstable electricity markets. However, the desirability of such stability remains uncertain. It’s noteworthy
that certain enterprises thrive on the inherent volatility of electricity prices. Intriguingly, a hypothetical
scenario arises: in a world powered entirely by RE generation, in accordance with the expected trend would
this universal shift lead to consistently low prices. Paradoxically, this situation might create razor-thin profit
margins for companies, challenging their very existence. In the literature, it is also mentioned that the
advent of an entirely RE-based energy system could prompt a fundamental redesign of electricity markets.
[Edenhofer et al., 2013]

Furthermore, in the solution of stable electricity market prices are mitigation strategies a must. To
address these challenges posed by fluctuating renewable energy production and as a result their impact on
prices, implementing mitigation measures becomes imperative. Solutions like energy storage systems, both
at grid-scale and distributed levels, can help balance the supply-demand equation during intermittent RE
periods. Interestingly, the Duck Curve would still be a crucial phenomenon with mitigation strategies. Due
to the the remaining variability of RE is this phenomenon crucial in maintaining the required amount of
storage during low RE production hours.

Additionally, demand-side management strategies (DMS), such as smart grids and demand response pro-
grams, enable more efficient utilization of available energy, reducing price volatility. These strategies allow
consumers to utilize energy in a manner that aligns with the fluctuations in its availability, thereby sup-
pressing price volatility. To improve the DSM effectiveness is the merit order effect an essential instrument.
This principle ensures that electricity from the most cost-effective sources, often renewable energy like solar
and wind, is utilized first. Consequently, during periods when these renewable sources are abundant, the
merit order effect drives down prices, creating an incentive for increased consumption. This incentive-driven
mechanism is already at play in various scenarios, such as electric vehicle charging during working hours
when the sun is shining brightly. Lower electricity prices during these periods encourage consumers to charge
their vehicles, effectively aligning their energy usage with the availability of renewable resources. By doing
so, consumers not only benefit from reduced costs but also contribute to a more balanced demand-supply
equation within the energy market. Including the reduction of price fluctuations as less energy is necessary
during the hours at home.

7.2 Limitations

In the course of this research, a variety of research activities were undertaken to unravel the complexities
of integrating renewable energy into the Dutch electricity market, specifically focusing on the limitations
posed by the Dutch case study. The research methodology employed an empirical historical data analysis
approach, coupled with a literature review. However, the Dutch case study had limitations that influenced
the research findings.

First and foremost, the Dutch case study presented constraints by restricting the volume of renewable
energy produced and excluding certain renewable energy sources with their variability, such as bio-fuels,
hydro power or geothermal. This limitation inherently influenced the scope and depth of the analysis, which
could provide insights into a subset of renewable energy dynamics.

Furthermore, the dataset encountered limitations, particularly the absence of solar power data for specific
months in 2019. This data gap posed challenges, hindering parts of the analysis of solar energy’s impact on
electricity prices during those periods. Consequently, the absence of this critical data could potentially lead
to skewed conclusions, highlighting the need for comprehensive and complete datasets in future studies.

Importantly, the study did not incorporate import and export prices of energy, factors that can impact
domestic electricity prices, especially in interconnected energy markets like Germany and France. In these
markets could the RE generation provide clean energy during a lack of electricity in the Netherlands, creating
a lower price overall. Ignoring these aspects potentially created gaps in the interpretation of the electricity
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7.2. LIMITATIONS

market prices. Cross-border transactions play a substantial role in influencing price fluctuations, and the
lack of this data inclusion may have resulted in an incomplete depiction of the pricing dynamics.

Next to the import and export does the research simplify the nature of electricity prices. These prices
are not only influenced by supply and demand dynamics but are also intricately connected with geopolitical
events, government policies, global market trends, and weather conditions. Regrettably, these complex
factors could not taken into account in the study as they were not measurable or would make the study
incomprehensible. Neglecting these variables might have simplified the analysis excessively, possibly missing
elements that contribute to price variations.
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CHAPTER 8
Conclusion

In conclusion, this study provides a comprehensive analysis of the research objectives. It systematically
addresses the main research question and its sub-questions. Each sub-question is stated first, followed by
their answers. Subsequently, the main research question is tackled, resulting in a detailed and conclusive
response.

8.1 Answering the research Questions

Stated after the literature review are the sub-questions and the main research question, these will repeated
and answered below.

8.1.1 Sub-question 1

What are the changes in fluctuation in the day ahead electricity prices and RE production from 2015 to
2022?

The analysis of electricity prices and RE production from 2015 to 2022 reveals significant shifts in the
energy landscape. Descriptive statistics highlight a rising RE share and notable price fluctuations. To
ensure accurate comparisons, inflation correction using the CPI was applied. The corrected data shows a
substantial price surge from August 2021, indicating heightened electricity prices and increasing volatility.
Geopolitical tensions, particularly the Russia-Ukraine conflict in 2022, likely influenced this trend. The
increased volatility aligns with intensified negative prices, emphasizing the intricate relationship between
electricity prices and RE production.

8.1.2 Sub-question 2

Does the Netherlands exhibit a Duck Curve phenomenon in its daily electricity market demand, and if so, to
what extent does it impact the day-ahead price fluctuations?

The analysis of the Dutch electricity market reveals the Dutch Duck Curve phenomenon. Similar to the
CAISO curve, the Dutch Duck Curve showcases challenges related to limited RE production time, particularly
in the absence of sunlight. The Dutch Duck Curve displays a distinct belly in the curve, representing the
net load, which indicates solar electricity generation, followed by a steep ascent where alternative energy
sources compensate for the lack of solar power. Intriguingly, the introduction of wind energy flattens the
curve, reducing the deep belly and steep neck. This indicates that the Netherlands, with a substantial
wind energy capacity, experiences a less pronounced impact on the net load curve compared to solar-reliant
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8. CONCLUSION

markets like California. Consequently, the Dutch electricity market appears to be less susceptible to extreme
price fluctuations when looking at the Duck Curve driven by RE sources due to the inclusion of high shares
of wind energy. Nevertheless, the Duck curve is still very much present in the Netherlands and contributes
partially to price fluctuations throughout the day.

8.1.3 Sub-question 3

To what extent is the merit order effect in the Netherlands and what is the impact on the day-ahead electricity
price fluctuation?

The analysis of the merit order effect in the Netherlands reveals more quantified insights into electricity
price fluctuations. The comparison between hourly price data and annual trends shows a notable increase in
volatility around August 2021. Additionally, certain months display fluctuations resembling a Duck Curve
which is a price decline due to the implementation of RE. For instance, in August, prices drop due to
abundant renewable energy supply, spike during increased demand, and gradually decline as energy demand
decreases. The shapes are different over the years and months but are best observed during the last two
years and summer months. These shapes are the quantified merit order effect proving that this phenomenon
exists in the Netherlands and contributes to the price fluctuation.

8.1.4 Sub-question 4

To what degree is the cannibalization effect in the Netherlands and does it affect electricity price fluctuations
in the Dutch electricity market?

In this question, research on the cannibalization effect in the Dutch electricity market was conducted.
With the calculation of key variables such as UR and VF patterns similar to the previous sub-questions were
discovered like the increase in fluctuation of electricity prices from 2021. The Prais-Winsten regression anal-
ysis is performed with UR, VF, and electricity prices as dependent variables which uncovered relationships
in the Dutch electricity market. This resulted, for UR, in a negative correlation, with a one p.p. increase in
solar share and wind share corresponding to a 139,986 euro decrease in UR and a 113,391 decrease in UR,
indicating declining revenue per unit of electricity as RE production rises. Additionally, a one p.p. increase
in solar share and wind share resulted in a decrease of 58,982 euros and a decrease of 36,965 in electricity
price, respectively. The results from the analysis confirm the cannibalization effect, with solar and wind
shares displaying negative correlations with electricity price increments, leading to reduced prices as RE
penetration increases.

8.1.5 Main research question

To what extent does the incorporation of renewable energy generation and the resulting energy phenomena
impact the fluctuation of day-ahead electricity prices for the Dutch electricity market?

In exploring the impact of RE generation on day-ahead electricity price fluctuations in the Dutch market,
several key phenomena including price patterns have been identified and analyzed. From 2015 to 2022, a
significant shift in the RE landscape was observed, marked by a 7 p.p. rise in RE share and notable
price fluctuations, particularly after August 2021. The study identified the Dutch Duck Curve, depicting
challenges in RE production time and the impact of wind energy in flattening the curve and reducing extreme
fluctuations. The merit order effect analysis highlighted increased volatility, especially in the last two years,
demonstrating the phenomenon’s existence in the Netherlands and its contribution to price fluctuations.
Additionally, the investigation into the cannibalization effect through Prais-Winsten regression analysis
validated negative correlations, indicating declining revenue per unit of electricity as RE production rises.
Solar and wind shares exhibited negative correlations with UR and electricity prices, leading to reduced
prices as RE penetration increased, underscoring the cannibalization effect’s influence on price fluctuations.

Thus, the incorporation of renewable energy generation in the Dutch electricity market has substantial
consequences for fluctuations in day-ahead electricity prices. However, quantifying the individual influence
of each phenomenon on these price fluctuations is hardly doable due to the different units, scales, and
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visualizations. nevertheless, it is evidently clear that there is a correlation between the researched energy
market phenomena and price fluctuations.

8.2 Future research

Future research in the realm of energy markets should explore emerging phenomena that may arise due to
higher shares of RE. As the energy landscape continues to evolve, understanding new market dynamics aids
the effectiveness of policymaking and industry adaptation. Additionally, integrating data beyond 2022 could
be explored. Newer datasets can offer fresh perspectives, enabling researchers to observe trends, changes,
and potential shifts in phenomena. This updated information would provide a more accurate and current
understanding of the market, aiding in better decision-making processes. Another direction for exploration
involves determining the individual influence of each identified phenomenon. Research efforts could focus
on quantifying the impact of the Duck Curve, merit order effect, and cannibalization effect. Establishing
comparable metrics for these phenomena would facilitate a deeper comprehension of their respective roles,
aiding in devising targeted strategies to manage their effects. The rise of energy storage technologies presents
an intriguing area for future investigation. Researchers could delve into how storage solutions mitigate price
fluctuations caused by low marginal costs of RE production. Understanding the interplay between storage
systems and market dynamics could pave the way for innovative market designs that capitalize on the
benefits of RE while ensuring stability and reliability. Furthermore, expanding the scope to include other
renewable energy sources is essential. Investigating the impact of various RE sources on price fluctuations
would provide a holistic view of the market. By analyzing the unique characteristics of different renewables,
researchers can assess their contributions and challenges, informing comprehensive strategies for a diverse
and sustainable energy future.
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APPENDIXA
Appendix

Figure A.1: Hours of specific electricity prices
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Table A.1: The merit order effect phenomena plotted on euro per MWh basis instead of Delta price resulting
in a similar shape as the Dutch duck curve.
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Figure A.2: Electricity price regression output page 1
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Figure A.3: Electricity price regression output page 2
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Figure A.4: Electricity price regression output page 3
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Figure A.5: Electricity price regression output page 4
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Figure A.6: Electricity price regression output page 5
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Figure A.7: Electricity price regression output page 6
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Figure A.8: Electricity price regression output page 7
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Figure A.9: Electricity price regression output page 8
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Figure A.10: VF regression output page 1
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Figure A.11: VF regression output page 2
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Figure A.12: VF regression output page 3
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Figure A.13: VF regression output page 4
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Figure A.14: VF regression output page 5
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Figure A.15: VF regression output page 6
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Figure A.16: VF regression output page 7
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Figure A.17: UR regression output page 1
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Figure A.18: UR regression output page 2
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Figure A.19: UR regression output page 3
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Figure A.20: UR regression output page 4
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Figure A.21: UR regression output page 5
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Figure A.22: UR regression output page 6
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Figure A.23: UR regression output page 7
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APPENDIXB
Appendix

The Prais-Winsten regression has also been run with the inclusion of gas share to check the differences in
outcome. The results are displayed below.

URRE =β0 + β1 · Solar share + β2 ·Wind share + β3 ·Gas share + β4 · Consumption+

β5 ·Gas Price + β6 ·D+ ϵ (B.1)

VFRE =β0 + β1 · Solar share + β2 ·Wind share + β3 ·Gas share + β4 · Consumption+

β5 ·Gas Price + β6 ·D+ ϵ (B.2)

Day-ahead prices =β0 + β1 · Solar share + β2 ·Wind share + β3 ·Gas share + β4 · Consumption+

β5 ·Gas Price + β6 ·D+ ϵ (B.3)

Where:

URRE : The dependent variable represents the Unit Revenue of each day for 8 years.

VFRE : The dependent variable represents the day-ahead prices per hour of each day for 8 years.

DA prices: The dependent variable represents the day-ahead prices per hour of each day for 8 years.

Solar share: Solar electricity production divided by total supply.

Wind share: Wind electricity production divided by total supply.

Gas share: Gas electricity production divided by total supply.

Consumption: Total demand at a specific day.

Gas Price: Price of gas at a specific day.

Dummies: dummies for 24 hours (is only used if IV is the Day-ahead prices), weekdays, months, and
years.

β0, β1, β2, β3, β4, β5, β6: The regression coefficients, indicating the strength and direction of the
relationship between the independent variables and day-ahead prices.

ϵ: The error term representing the unexplained variation in day-ahead prices.
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Table B.1: The Prais-Winsten regression analysis results with gas share

Dependent variable URRE VFRE Electricity Price

Regression Coefficients Unstandardized B Unstandardized B Unstandardized B
Consumption -0,004*** -6,087E-7 0,004***
Solar Share -93,916 0,386* -35,752***
Wind Share -79,049*** 0,110*** -14,287***
Gas Share 38,334*** 0,034** 100,847***
Gas Price -0,599 -0,001*** 0,799*
Rho (AR1) 0,897 0,094 0,958
R Square 0,293 0,063 0,198
Adjusted R Square 0,285 0,053 0,197
Durbin-Watson 2,083 1,999 1,638
The Prais-Winsten estimation method
*p<0,1
**p<0,05
***p<0,01

These results are similar to the observations from the regression analysis chapter. The magnitude has
overall changed. Interestingly gas share had the expected positive effect on RE UR, indicating a reversed
cannibalization effect when gas share increases. The impact is substantial, with a 38.334 euro per MWh
increase for the UR of RE if gas share increases by one percent point. The R-squared which would be affected
when removing a variable has shown a small decrease of 0,02 meaning that the exclusion of gas share results
in a 2 percent less predictive model.
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Figure B.1: UR regression with gas share output page 1
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Figure B.2: UR regression with gas share output page 2
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Figure B.3: UR regression with gas share output page 3
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Figure B.4: UR regression with gas share output page 4
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Figure B.5: UR regression with gas share output page 5

87



B. APPENDIX

Figure B.6: UR regression with gas share output page 6
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Figure B.7: UR regression with gas share output page 7
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Figure B.8: UR regression with gas share output page 8
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Figure B.9: VF regression with gas share output page 2
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Figure B.10: VF regression with gas share output page 3
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Figure B.11: VF regression with gas share output page 4
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Figure B.12: VF regression with gas share output page 5
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Figure B.13: Electricity price regression with gas share output page 1
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Figure B.14: Electricity price regression with gas share output page 2
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Figure B.15: Electricity price regression with gas share output page 3
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Figure B.16: Electricity price regression with gas share output page 4
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Figure B.17: Electricity price regression with gas share output page 5
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Figure B.18: Electricity price regression with gas share output page61
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Figure B.19: Electricity price regression with gas share output page 7
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Figure B.20: Electricity price regression with gas share output page 8
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Figure B.21: Electricity price regression with gas share output page 9
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