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Abstract

The inefficiency of the Dutch electricity market poses significant challenges, particularly for renewable
energy (RE) producers, and is defined as any requirement to pay for the production of RE. This research
focuses on the financial and curtailed impacts of these inefficiencies on solar parks with and without
Green Power Purchase Agreements (GPPAs). GPPAs are bilateral agreements where consumers
purchase electricity directly from producers, which can shield them from market inefficiencies during
synchronized intervals. The study explores how these agreements influence the curtailment of RE and
the financial viability of solar parks.

To address this, the research employs a dual approach based on longitudinal data, combining
guantitative analysis and case study evaluations. The study examines four groups of solar parks: those
without GPPAs or energy steering software, those with energy steering software only, those with GPPAs
only, and those with both GPPAs and energy steering software. Data is sourced from the EPEX and
Imbalance markets, as well as from specific solar parks, to analyze the extent to which market
inefficiencies impact these groups.

The study identifies several triggers for curtailment in the Dutch energy market, including market
regulations like the SDE++ subsidy, which limits the inverter capacity to 50% of the solar park's total
power. This regulation alone resulted in a 5.43% energy loss compared to previous requirements. Both
the EPEX and Imbalance markets exhibit strong correlations between negative price intervals during
the daytime in the spring and summer, aligning with the solar energy generation profile.

The results show that solar parks with GPPAs are less impacted by market inefficiencies, both financially
and in terms of curtailment. Specifically, solar parks with GPPAs are financially better off by €2.09 per
MWh compared to those without GPPAs, representing a 19.12% reduction in financial impact. When
comparing the groups with energy steering software, the financial benefit is €1.36 per MWh for solar
parks with GPPAs, indicating an 18.45% reduction. Additionally, solar parks utilizing GPPAs reduce
energy curtailment by 58.4% compared to those without.

The findings underscore the importance of GPPAs in mitigating the financial and curtailed impacts of
market inefficiencies. They also highlight the benefits of energy steering software resulting in
decreased costs. This research provides valuable insights for stakeholders in the renewable energy
sector, policymakers, and investors, emphasizing the need for strategic investments in GPPAs and
energy steering technologies to enhance the financial viability and sustainability of solar energy
projects.
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1. Introduction

In the current global landscape, the increase of the average surface temperature to more than 1.2 °C
above pre-industrial levels has unleashed a series of consequences, from intensified heatwaves and
extreme weather events to a surge in greenhouse gas (GHG) emissions that are yet to peak [1]. The
primary driver of global warming is the emission of GHG released by the energy sector [2]. The Stated
Policies Scenario, a projection used in energy modeling, expects global energy demand to increase from
around 630 exajoules (EJ) in 2022 to 670 EJ by 2030 [1]. This critical moment demands a restructuring
of our energy systems, better known as the energy transition. The energy transition is characterized by
a simultaneous shift towards low-carbon sources and a growing emphasis on electricity [1].

The Netherlands is increasingly committed to reducing its reliance on fossil fuels, driven by concerns
about global warming and the pursuit of self-sufficiency [3]. This commitment has resulted in the
widespread adoption of a substantial number of solar photovoltaics (PV) and windmills. In 2022, the
total installed solar PV capacity grew by 4.2 GWp, resulting in a remarkable 46% increase in energy
production compared to 2021 [4]. Additionally, the total installed wind capacity expanded by 1.06 GW,
contributing to a 13.1% increase in energy production compared to 2021 [5]. The Dutch Environmental
Assessment Agency (Planbureau voor de Leefomgeving) has set a target for 2030, aiming to achieve an
installed solar PV capacity of 25.8 GW and a wind capacity of 21 GW [6]. As a consequence of this shift,
the Dutch electricity market is evolving from its traditional model, in which producers and consumers
interact separately, towards a more prosumer!-oriented paradigm [7].

Wind and solar energy distinguish themselves from conventional generation technologies in several
key aspects. The output of renewable energy (RE) fluctuates due to the inherent variability of their
primary energy source (sunlight and wind), which is unpredictable. Furthermore, solar PV and wind
systems are typically smaller in scale compared to conventional generation technologies and are
constrained by their specific geographic locations [8]. These unique characteristics lead to multiple
challenges within the current power system, including issues such as insufficient transmission grid
capacity and a shortfall in generation adequacy. The substantial increase in installed wind and solar
capacity amplifies the impact, as it hinders the occurrence of high solar production overlapping with
elevated wind production [9], [10]. This causes inconsistencies in the supply and demand of electricity
[11],[12], [13].

Electricity is traded in four markets in the Netherlands. The most common markets are the Day-Ahead
and the Imbalance market. The EPEX Market operates as an auction determining day-ahead electricity
prices for each 24-hour period in the upcoming day based on forecasts. The Imbalance Market
functions as a mechanism to address discrepancies between forecasted and actual electricity
generation and consumption. It operates in real-time, allowing grid operators to balance supply and
demand to maintain system stability.

Due to growing RE sources with intermittent supply, the Netherlands saw 315 hours of negative
electricity prices on the EPEX Market in 2023, up from 85 hours in 2022. Furthermore, the Imbalance
Market experienced a 27.73% increase in negative prices in 2023 compared to 2022 [14]. The surplus
in forecasted electricity generation results in negative prices on the EPEX Market. Negative prices in
the Imbalance Market take place when the allocated (actual generated) electricity exceeds the
consumption [15]

1 Prosumer: A prosumer in the energy sector is an actor that both consumes and produces electricity.



In the energy transition, ensuring the effective functioning of the electricity market is crucial. Ideally, it
would require the implementation of true pricing, where the costs of polluting emissions are
incorporated. Consequently, fossil electricity becomes more expensive than RE. It is contradictory to
encounter a situation where, in an energy transition aimed at promoting clean electricity and ideally
taxing fossil fuels, we find ourselves having to pay for the production of sustainable energy while, at
the same time, electricity is still being produced by fossil-driven sources. In the Netherlands in 2023,
electricity was continuously generated from fossil-driven sources at any given point [9]. Therefore, any
requirement to pay for the production of renewable energy within the electricity market indicates an
inefficiency.

Negative prices in the electricity market signify a market inefficiency. This inefficiency encourages RE
owners to equip their assets with energy steering hardware and software which allows them to curtail
RE production in response to financial incentives (negative electricity prices). Currently, an increasing
number of RE sources are being equipped with energy steering software. However, the integration of
this technology is a gradual process. RE plants without energy steering capabilities are only financially
affected by market inefficiencies. When RE plants are equipped with energy steering technology, they
still experience financial impacts, although to a lesser extent due to the curtailment of RE during
inefficient moments in the market. Consequently, solar parks equipped with energy steering
technology are not only financially affected by the inefficiencies of the electricity market but also by
the degree to which RE is curtailed.

The inefficient market will lead to more frequent curtailment of RE, raising concerns about economic
and operational challenges for the energy sector [16]. Furthermore, when RE sources are curtailed,
fossil energy sources will continue to be produced, exacerbating the situation where RE is curtailed
while GHG-emitting fossil energy sources remain active [9].

In addition to market influences, regulations also contribute to the curtailment of RE, notably through
the stringent criteria of the SDE++ subsidy, a governmental initiative designed to promote RE adoption
while phasing out fossil fuel reliance. This subsidy now mandates that the inverter capacity be limited
to 50% of the solar panel's peak power. This marks a significant change from the previous capacity
allowance of 100% before 2021 and 70% since then [17].

Curtailing RE poses a significant threat to our sustainable energy objectives, especially considering the
current shortfall in meeting RE targets. The consequence is a missed opportunity to harness and utilize
clean energy sources fully. Moreover, as we strive to increase the percentage of RE in our overall energy
portfolio [18], curtailment becomes an even more pressing concern. A higher share of RE in the mix
signifies a larger potential for curtailment, as the intermittency and unpredictability of certain
renewable sources, such as solar and wind, may contribute to more periods of oversupply and
therefore negative prices in the market [19].

The curtailment of RE is triggered by the inefficiency of the electricity market. The electricity market is
a multifaced market with different components. One of the components are Power Purchase
Agreements (PPAs). PPAs are contracts closed between producers and consumers of electricity, in
which electricity is directly traded, bypassing the electricity market and therefore its inefficiency.
Nowadays more and more PPAs are involving RE. In the Dutch electricity market, conventional green
PPAs (GPPAs) involve consumers purchasing all the generated electricity from a producer. This type of
GPPA, better known as electricity purchased as produced, is feasible primarily for energy-intensive
consumers since all generated energy must be consumed to ensure the arrangement. Notably, in the
Netherlands these GPPAs are predominantly held by energy-intensive corporations like Amazon, BASF,
Google, Microsoft, and NS [20].



The focus of this research is on GPPAs with a different structure, in which electricity is purchased as
consumed. This type of GPPA means that if, within the span of the same 15-minute interval, there is a
synchronization of electricity generation and consumption between the producer and the consumer,
the contractual terms of the GPPA come into effect. In instances of surplus or deficit electricity, either
the consumer or the producer must engage in trading the surplus or deficit on the electricity market.
In this structure, not all produced energy has to be consumed to maintain the agreement's viability,
making it accessible to a broader range of consumers. Although this structure of GPPAs reduces the
vulnerability of RE producers to market inefficiencies compared to relying solely on market functioning,
there is still some remaining exposure to market dynamics.

This research seeks to explore how inefficiencies within the Dutch GV? electricity market impact solar
parks consisting of GPPAs, focusing on the Day-Ahead (EPEX) and Imbalance Market. The influence of
the impact can be assessed through both the quantity of energy curtailed, and the financial losses as a
result of the inefficiency. Therefore, this research will answer the following question:

To what extent are solar PV parks with contractual Green Power Purchase Agreements (GPPAs)
influenced by the inefficiency of the Dutch electricity market in 2023 compared to solar parks without
such agreements?

The research strategy will utilize a dual approach based on longitudinal data, employing both
guantitative analysis and case study evaluations, to investigate the impact of GPPAs on the curtailment
of RE. The analysis will explore differences between solar parks with and without GPPAs, as well as
those with or without energy steering systems.

Sub-questions:

1. What triggers curtailment in the Dutch electricity market, leading to the underutilization of
renewable energy potential?
a. To what extent is curtailment influenced by the SDE++ subsidy?
b. To what extent does the EPEX Market's structure trigger curtailment?
c. To what extent does the Imbalance Market's structure trigger curtailment?
d. What effect do negative prices have on the electricity production mix in the market?
2. What are the financial and energy losses, for solar park owners without contractual GPPAs, due
to the inefficiency of the electricity market?
a. Financially, due to negative income?
b. Energy loss, due to energy steering?
3. What are the financial and energy losses, for solar park owners with contractual GPPAs, due to
the inefficiency of the electricity market?
a. To what extent do GPPAs influence the financial loss established by the inefficiency of
the Dutch electricity market?
b. To what extent do GPPAs influence the curtailment rate of renewable energy in the
Dutch market?

The social importance lies in evaluating the impact of GPPAs on curtailment rates in RE production,
exploring how these contractual agreements may mitigate or exacerbate RE curtailment challenges in
the Dutch energy landscape.

2 GV: all the electricity connections that have a capacity above 3 x 80 ampere



Sub-question 1 explores various factors contributing to the curtailment of RE. Sub-question 2
establishes the baseline of the issue. Consequently, the findings from sub-question 1b and 1c are used
to define the effects across different solar parks in sub-question 2. Once the baseline is established,
sub-question 3 will determine the impact of GPPAs on solar parks that obtain these contractual
agreements.

My hypothesis is that solar parks with GPPAs will be less influenced by market inefficiencies.
Consequently, it is expected that the rate of curtailment and the financial costs will be lower for solar
parks with GPPAs compared to those without such agreements.

If the projected findings are confirmed, this research holds significance as it elucidates a framework
where solar-based electricity exhibits reduced reliance on inefficient periods within the electricity
market. Consequently, the volume of curtailed RE is expected to diminish.

The structure of this research proposal is as follows. Section 2 will explain the mechanism of the
electricity market, focusing both on the system infrastructure as well as the financial market. In Section
3, a comprehensive review of existing literature has been conducted. Section 4 encompasses the
methodology of the proposed analyses. Section 5 comprises the data section, detailing various datasets
and their respective sources. Section 6 presents the analysis findings. In Section 7, the discussion and
conclusions of this thesis are addressed.



2. The Electricity System in the Netherlands

The Dutch electricity system is a network comprising various stakeholders that work harmoniously to
ensure a reliable and sustainable power supply. The system encompasses electricity generation,
transmission, distribution, and consumption [21].

The Dutch electricity system can be split up into two sections, namely the system infrastructure and
the financial market.

2.1 Electricity System Infrastructure

Currently, six independent entities oversee the core process of supplying electricity to consumers in
the Netherlands [22]. Figure 1 provides an overview of the electricity supply chain.

The production company produces electricity using various sources such as fossil fuels, uranium,
biomass, hydro, solar, and wind. The Program Responsible Party (PRP) is responsible for planning
electricity production, transportation, and consumption in 15-minute intervals throughout the day
[22]. This interval is referred to as the Program Time Unit (PTU).

The Transmission System Operator (TSO) is government-owned and operated by TenneT. The TSO is
responsible for overseeing and managing the high-voltage grids, specifically the 220 kV and 380 kV
grids [23]. The TSO plays a crucial role in ensuring the efficient transmission of electricity between the
high-voltage grid and various stakeholders, including generators and consumers.

TenneT manages real-time imbalances between electricity demand and supply through PRPs. This
mechanism aims to align scheduled electricity programs® with actual consumption or generation. PRPs
are economically incentivized to minimize imbalances, as they are charged for net deviations on the
Imbalance Market [24]. The Distribution System Operators (DSOs) oversee the electrical transportation
and distribution networks connecting the high-voltage grid (TSO) to end-users [22].

Metering companies are also part of the electricity infrastructure. They are responsible for determining
and validating the energy consumption and transferring this data to the grid operators [25].

Generation Trading Tra nsmission Distribution Metering Supply

Production P'““!"‘ Metering
Responsible
company Part Company

Figure 1: Electricity supply chain [22]

3 E-programs: PRPs inform TenneT daily about the planned transactions for the next day and the networks they
will use for transport. The sum of all transactions of a PRP is called an energy program (e-program) [70].



2.2 The Electricity Mix

A critical aspect to consider is the transformation of the Dutch electricity mix. lllustrated in Figure 2 is
the evolution of electricity generation size and composition over three years (2015, 2020, and 2023).
As shown, there has been a substantial increase in renewable electricity generated from solar parks
and windmills, contrasted with a decrease in coal-generated electricity [26]. This progressive shift
towards RE sources signifies that inefficiencies in the market will have a more pronounced impact on a
greater range of renewable energy sources.

Other renewables |

Solar energy I

Wind energy

Hydropower
Other fuels (non-renewable)

Biomassa
Nt Ural Gas e ——
oil &
Coal

|

Nuclear

0 10000 20000 30000 40000 50000 60000 70000 80000
GWh

2015 2020 w2023

Figure 2: The Dutch electricity production [26]

2.3 The Electricity Market

The Netherlands consists of four primary electricity markets, each consisting of a different timeframe.
The different markets are discussed based on their timeline compared to their physical delivery.

A Program Responsible Party (PRP) permit is a necessity for trading on all four markets. PRPs exclusively
handle the physical delivery of electricity. Delivery is permitted to any connection within the Dutch
network, treated as a unified market [27]. Table 1 shows an overview of the timeline within the
electricity market.

The ENDEX Futures Market

Contracts for the future are exchanged on the regulated platform known as the European Energy
Derivatives Exchange (ENDEX) and expire two days before the physical delivery. Future contracts
facilitate the physical delivery of 1 MW of electric energy to the Dutch high voltage grid, spanning from
00:00 on the first day of the delivery period to 24:00 on the last day of the delivery period [28]. These
contracts are additionally categorized based on their durations, including monthly, quarterly, and yearly
classifications [28].

ENDEX's futures market provides two standardized electricity delivery hour products, namely Base
Load and Peak Load. The distinction between Base Load and Peak Load lies in the delivery time of



electricity. Base Load spans from 20:00 to 8:00, while Peak Load encompasses the hours from 8:00 to
20:00 every day.

The EPEX Spot Market

Contracts for the spot market are exchanged on the EPEX market. This market can be separated into
two markets: the Day-Ahead Market (DAM) and the Intra-Day Market (IDM). DAM, the more extensive
of the two markets, operates as an auction determining day-ahead electricity prices for each 24-hour
period in the upcoming day. The second market, IDM, grants participants the flexibility to modify their
spot positions up to 5 minutes before the actual delivery of electricity [28].

The DAM serves as a spot market where companies engage in the buying and selling of spot electricity
for delivery the following day. Operating as a two-sided, double-blind auction, the DAM allows both
buyers and sellers to submit anonymous orders with varying prices and quantities on an hourly basis
[28]. These orders lead to the formation of demand and supply curves for each hour of the following
day, better known as a market bid ladder, influencing the prices for each hour [29].

Between establishing Day-Ahead positions and the actual delivery of electricity, market participants
have the option to revise their physical positions. This adjustment process occurs through the IDM.
Unlike the DAM, prices for the IDM are based on a 15-minute interval instead of the one-hour interval.
Market participants have the flexibility to modify their spot positions up to 5 minutes before the actual
electricity delivery in the Intra-day Market. It's important to note that the cost of purchasing electricity
in the intraday market typically exceeds that of the Day-Ahead Market [28].

The Passive Imbalance Market

The ENDEX-, Day-Ahead-, and Intra-Day Market derive their prices based on forecasted energy
projections. The Imbalance Market functions as a mechanism to address discrepancies between
forecasted and actual electricity generation and consumption. It operates in real-time, allowing grid
operators to balance supply and demand to maintain system stability.

The TSO assesses the imbalances of all PRPs by comparing their submitted E-programs?. In cases where
a PRP deviates from its E-program, representing the total electricity taken from or supplied to the grid,
the TSO functions as an artificial market participant. It engages in buying (for electricity shortage) or
selling (for electricity excess) with the PRP at a dynamic and volatile price in the Imbalance Market
[28]. The Imbalance Market provides both a buy (take) and a sell (feed) price every minute. The price
for each 15-minute interval is determined by the price of the last minute within that interval. The
specific prices for these transactions exhibit significant variability [30].

When this is translated in terms of this research it means that when a solar park deviates from its
forecast the imbalance can either be positive (more produced than forecasted) or negative (less
produced than forecasted). The prices for the Imbalance Market can also be positive (when there is a
shortage of energy on the market) or negative (when there is an excess of energy on the market). Solar
park owners can generate additional revenue during negative imbalance prices by curtailing solar
energy production, and thereby deviating from their forecasted output. More details on the functioning
of the Imbalance Market can be found here [31].

Table 1: Timeline of the Electricity Markets

All Days Before After Delivery Day

(T-n) ENDEX

Two Days Before
(T-2) ENDEX

Day Before
(T-1) APX DAM

Delivery Day
(T)APX IDM




The Effect of Inefficiencies

As previously stated, negative prices are present in the Day-Ahead, Intra-Day, and Imbalance Market,
but their impact varies across them. The Day-Ahead and Intra-Day Market derive their prices based on
forecasted energy projections, whereas the Imbalance Market sets its price according to actual
electricity generation. This clear distinction sets apart the Imbalance Market from the others.

In the Day-Ahead and Intra-Day Market, negative prices result in decreased income for energy
producers. However, in the Imbalance Market, negative prices trigger the curtailment of energy
production. It's important to note that the curtailment of RE is dependent upon the presence of energy
steering hardware and software in RE sources.



3. Theory

In Chapter 1, the question arises to what extent solar PV parks with GPPAs are influenced by the
inefficiency of the Dutch electricity market. In Chapter 2, the infrastructure and market mechanisms of
the Dutch electricity system are explained. The central emphasis of this theory chapter will be on
uncovering the origins of market inefficiency. It will start by examining market imperfections,
considering the perspectives of consumers, producers, and market regulations. From the producer's
perspective, the market is defined as an oligopoly. This analysis aims to determine the entry barriers
present in the market, as well as the roles of regulations and consumers.

After the examination of the imperfect market players, the functioning of the EPEX bid ladder is
discussed. The goal is to determine what influences the functioning of the EPEX Market and how
negative prices are established. The research will then transform the EPEX bid ladder from an economic
perspective to an environmental one, showcasing the shift that would occur and how curtailment of
RE would become a last resort. However, even with this transformation, the hindrance posed by the
dynamics of the ENDEX Market will still persist, as discussed in Chapter 3.4.

In addition to the influence of forecasted markets (ENDEX & EPEX), the technical limitations of the
electricity infrastructure, such as capacity shortages and grid congestion, also contribute to market
inefficiency (Chapter 3.5). The exploration of these constraints, together with forecast deviations, are
particularly evident in the Imbalance Market and result in negative prices on the Imbalance Market as
discussed in Chapter 3.6.

Finally, after thoroughly examining the causes of market inefficiency, Chapter 3.7 will focus on the
functioning of GPPAs, illustrating how they are less dependent on market functioning and therefore
less influenced by its inefficiency.

Due to the innovative nature of the concept, where power is procured based on simultaneous
consumption and production, there is a lack of academic research conducted on it. Therefore, this
research aims to explore the research gap concerning how inefficiencies within the Dutch electricity
market impact solar parks with contractual GPPAs.



3.1 The imperfect Electricity Market structure

The electricity market is a multifunctional market with different actors as already explained in Chapter
2. The Dutch market reveals that certain independent roles are already eliminated from market
operations, either because a company is government-owned (TenneT) or due to monopoly market
conditions (DSOs) [32]. This subsection delves into the structure of the electricity market, considering
the producers, consumers, and market regulations.

The Producers

Analysis of the Dutch retail electricity market reveals characteristics indicative of an imperfect market
structure, deviating from the assumptions of perfect competition. The market exhibits a significant
level of concentration, with the three largest retailers commanding 80% of the electricity production
market share [21].

The Herfindahl-Hirschman Index (HHI) is a measure of market concentration used to assess the
competitiveness of the market. The index ranges from 1, indicating a fully competitive market, to
10,000, signifying a monopoly market. Concentration measurements, using the HHI, confirm
heightened concentration levels (1.800 < HHI < 10.000), portraying the electricity market as an
oligopoly [33], [34]. Overall, the electricity markets lack typical constraints, such as competition, and
regulatory actions cause significant obstacles for potential entrants in this influential and complex
market [35]. This concentration suggests a lack of a multiplicity of firms: a key condition for perfect
competition is to have many sellers/buyers in a market. In a perfectly competitive market, no single
entity should have substantial control over the market, and consumers should have numerous choices
[36]. These factors underscore the challenges faced by new entrants attempting to break into the
market.

The Consumers

Lewis and Marvel concluded that consumers present a stronger motivation to explore alternative
energy suppliers in response to price increases compared to their response when prices decrease [37].
Despite efforts to promote competition and consumer choice, only roughly 10% of Dutch households
have switched suppliers within the period spanning from June 2022 to June 2023 [38]. This inertia
among consumers indicates barriers to effective competition, such as information asymmetry,
transaction costs, or other imperfections hindering the switching process [21].

The presence of dormant consumers* further underscores market imperfections. These consumers,
who have not actively participated in the competitive market, tend to remain on more expensive
default offers. This phenomenon suggests that, despite regulatory oversight, certain market
imperfections persist, preventing all consumers from fully benefiting from competitive alternatives
[21].

Market Regulations

In 2022, Renewable Energy (RE) accounted for just 15% of the total energy consumption [39]. The Dutch
government has established RE targets for 2030, aiming for 30% of the country's energy to be
generated from renewable sources [40]. To reach this target, different policies have been introduced,
some influence the RE market directly, and some indirectly. The next section will discuss two
regulations that are implemented by the Dutch (SDE++) or European authorities (GoOs).

4 Dormant consumer: consumers who have not changed their supplier or contractual agreement.
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Both the GoOs and the SDE++ subsidy are beneficial for solar PV parks. Therefore, the presence of these
regulations can significantly impact market dynamics by introducing government intervention, which
alters the natural flow of the market. The statistics below highlight the considerable influence applied
by these regulatory measures.

The SDE++ subsidy, officially the Stimulering Duurzame Energieproductie en Klimaattransitie (SDE++),
is a Dutch governmental incentive aimed at fostering RE adoption and phasing out fossil fuel-based
energy on a large scale. The subsidy administered by the Netherlands Enterprise Agency (RVO) depends
on the installed capacity and production efficiency of eligible entities in the industrial and utility-scale
sectors [41]. Strict criteria must be met, emphasizing a reduction in GHG emissions. The subsidy,
allocated through competitive bidding, includes variable premium contracts that last for 15 years and
adapt to market dynamics and the performance of the applicants [42].

The SDE++ subsidy serves as a crucial safety net for solar park owners, ensuring them a reliable income
based on market averages. In 2022, the total installed capacity reached an impressive 19.14 GWp, with
a substantial portion, 11.05 GWp, attributed to the utility-scale (GV) segment. Remarkably,
approximately 85% of this GV solar PV capacity, totaling 9.37 GWp, was established with the support
of the SDE++ subsidy [43].

Guarantees of Origin (GoO) function as a digital certificate, providing evidence that the respective
energy carrier originates from a sustainable source. Each GoO represents 1 MWh of sustainably
generated energy. The certificate contains details about the energy source, the production installation,
as well as the production date and location [44].

The current GoOs, valued at €6 per certificate, constitute a substantial component of the business
model for RE providers. This valuation equates to approximately 0.7 percent of the internal rate of
return (IRR), emphasizing the significance of GoOs within the financial outlook of RE projects [45].
Within the European Union, countries are allowed to meet their target by purchasing the deficit in their
RE generation from other nations with a surplus. This EU-wide trade involves the exchange of GoOs
[46].

The deviation from perfect markets

In typical markets, factors like storability, informed buyers, and supply elasticity act as constraints
preventing a single firm with a small production share from inflating prices significantly [36]. Storable
goods provide a defense mechanism as middlemen can stockpile products [47]. Informed buyers and
supply elasticity discourage sellers from demanding exorbitant prices, maintaining market
competitiveness [36]. However, the electricity markets deviate from these norms due to a distinctive
oligopolistic structure with entry barriers for producers (high investment cost; technical disadvantages).
The rapid demand nature and limited storage make these markets vulnerable to market power, even
by firms with modest market shares [35]. Meanwhile, the large share of dormant consumers indicates
barriers to effective competition. Therefore, these market participants, alongside regulations, disrupt
the smooth functioning of the ideal market, resulting in deviations in the electricity market.
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3.2 The Economic functioning of the Day-Ahead Market bid ladder

In this research, the Day-Ahead Market is referred to as the EPEX Market. In the Netherlands, the EPEX
price is determined each hour by the functioning of a bid ladder, which is better known as a demand
and supply curve. The electricity price is determined by price elasticity, which originates from the
marginal electricity generation costs, illustrated in Figure 3. Elevated electricity prices are typically
observed during periods of high demand coupled with low renewable energy generation, occasionally
accompanied by sudden power plant failures. Conversely, negative price spikes occur in situations of
oversupply, characterized by low demand but a high penetration of RE [27]. The EPEX price
determination is based on both the forecasted energy supply and demand.
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Figure 3: Simple supply stack model with inelastic demand (merit order model), featuring various power plant types [27]

Forecasting electricity prices presents several challenges, as extensively discussed in detailed review
papers by Weron [48]. In recent years, there has been a rapid increase in focus on probabilistic
forecasting, as it holds significant relevance for various applications in energy trading, risk
management, storage optimization, and predictive maintenance [49], [50]. The research conducted by
Petropoulos and colleagues emphasizes the primary challenges in electricity price forecasting [27]. The
study indicates that these challenges can be influenced by external factors, including the complexities
associated with forecasting RE production. The main energy sources for RE are weather-dependent,
relying heavily on forecasted weather information [8], [27]. Given that most RE forecasting relies on
the same weather data, and the amount of RE capacity is substantial, inaccuracies in these forecasts
can lead to significant fluctuations in energy production, resulting in extreme price spikes or drops [14].
Therefore, these forecast errors in the EPEX Market have a major impact on the Imbalance Market.

Petropoulos and colleagues also explain that the complexity of electricity price data, influenced by
regulations, adds an additional layer of intricacy [27]. Nevertheless, electricity trading persists through
auctions and continuous trading mechanisms. Several markets, including those in the Netherlands,
organize Day-Ahead auctions for electricity prices, as explained in paragraph 2.3 The Electricity Market.
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Due to the impact of GoOs and SDE++ regulations, RE producers can place their bids below € 0 and still
benefit from the production of their energy. An EPEX price below € 0 will only occur when the demand
for electricity on the EPEX Market equals the supply stemming from RE sources. Such a scenario is only
possible during certain times, such as when there is high solar irradiance combined with high wind
speed [9], [14]. Consequently, energy prices on the EPEX market are sometimes negative. Fossil fuel-
based electricity producers often respond to this negative offer with an even lower one, as the
maintenance costs associated with shutting down power plants are higher than the negative income
observed from the EPEX market, combined with the variable cost of fuel [51].

Solar parks with contractual GPPAs experience a reduced impact from the market dynamics and,
consequently, its inefficiencies. A greater proportion of GPPAs in RE portfolios will result in reduced RE
trading on the market, consequently leading to a shift in the supply curve. The decreased market
impact resulting from a GPPA will also contribute to a reduction in the curtailment rate of RE.
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3.3 The bid ladder optimized for Environmental Impact

In its conventional setup, the bid ladder is optimized for financial considerations as discussed in chapter
3.2. The bid ladder would undergo a significant transformation if it were not founded on marginal cost,
empbhasizing financial considerations (€/ kWh), but rather on environmental impact. Instead of the
financial price, the metric of CO2 per unit of energy (g CO2/kWh) would be employed. This shift would
result in a different bid ladder, placing the most sustainable production type at the forefront, with the
energy producer exhibiting the highest emissions positioned at the end. This bid ladder based on the
emissions would be optimal for social consideration, leading to lower GHG emissions. Figure 4 gives an
overview of the CO2 equivalent for each generation type.
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Figure 4: Emissions factors for electricity generation [52]

By using the insights derived from Figure 4, an opportunity presents itself to construct a bid ladder
centered on environmental impact rather than financial considerations. This is shown in Figure 5 and
Figure 6, based on this information and the production data from the ENTSO-E [9]. The winter data
corresponds to information from January 21, 2024, while the summer data is derived from July 4, 2023.
Both datasets are timestamped on the production at 12:00. Figure 5 and Figure 6 illustrate the optimal
dispatch order determined by the environmental impact of electricity production during these specific
time intervals.
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Figure 5: Electricity merit order summer based on the environmental impact
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Figure 6: Electricity merit order winter based on the environmental impact

Based on the merit order® in which the environmental impact is the key factor, the Dutch electricity
market avoids curtailing renewable electricity over fossil during periods of excess, as these energy
sources have the least environmental impact. Curtailment will be applied to electricity generation types
that emit a significant amount of CO2 equivalent (natural gas- and coal plants).

5 Merit order: A merit order is a ranking of available electricity generation sources normally based on the marginal
costs of production. In this case, the order is based on the environmental impact of production.
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3.4 The hindering of the ENDEX Market

Switching the EPEX Market bid ladder from a marginal cost perspective to an environmental cost
perspective wouldn't resolve the issue completely, as it would still be hindered by the dynamics of the
ENDEX Market. This is because not all electricity in the Netherlands is traded through the Day-Ahead,
Intra-Day, and Imbalance Market; a limited share is traded via the ENDEX Market [53].

As detailed in The ENDEX Futures Market, future contracts facilitate the physical delivery of 1 MW of
electricity to the Dutch high-voltage grid over a defined period [28]. Additionally, long-term agreements
in future contracts between producers and consumers specify a predetermined electricity price over a
defined period, avoiding engagement with the Day-Ahead bid curve [54]. This further diminishes the
motivation for curtailing operations during periods of electricity surplus. ENDEX contracts, largely
dominated by fossil fuel-driven producers, may include certain producers with long-term contracts,
excluding them from the benefits of production curtailment [54].

Energy traded on the ENDEX Market remains unaffected by the negative prices of the EPEX Market and
less influenced by the Imbalance Market. Consequently, negative prices in the market lead to the
curtailment of RE rather than fossil fuel-derived energy [9].

The decreased demand on the EPEX Market is attributed to the allocation of a portion of the electricity
demand through the ENDEX Market. During certain periods, the supply of RE on the EPEX market
surpasses the demand leading to negative prices. However, it is crucial to note that most of the time,
the supply of RE does not exceed the total demand of the electricity market (ENDEX and EPEX) [9].
Therefore, the trading of energy on the ENDEX Market is a significant factor contributing to the
inefficiency of the electricity market.

If the total electricity demand were to occur on the EPEX market, the price elasticity would shift to the
right. Additionally, some supply methods, predominantly from fossil fuels, would also need to be
incorporated from the ENDEX Market to the EPEX Market. Figure 7 provides an overview of the new
price elasticity based on the total demand, resulting in a higher price. This change leads to a wider gap
from the negative prices, reducing the likelihood of reaching the inefficient moments in the market. In
an optimal social consideration, all the electricity would be traded in the same market. That way one
market wouldn't interfere with the other and the inefficiency of the market would become less.
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Figure 7: The demand of the ENDEX Market added to the merit order model
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3.5 Technical limits of the Electricity Infrastructure

Now that the forecasted market functioning has been discussed (ENDEX- & EPEX Market), it's time to
start looking at the impact of technical limitations due to the electricity infrastructure. The technical
constraints of the electricity infrastructure can be attributed to both capacity shortages and grid
congestion. These limitations within the electricity grid introduce imbalances within the energy
network. Consequently, it is crucial to delve deeper into this issue.

Capacity Shortage

There is an increased electrification of society. On the demand side, electric transport, heating, and
industrial processes are increasingly being driven by electricity. This results not only in an expansion of
electrical devices in the system but also in a growing demand for sustainable electricity [55]. On the
supply side, the unpredictable nature of RE generation has intensified market imbalances. The
variability in energy production, particularly with solar PV, where generation ceases at night,
compounds the challenge [56]. The increase in renewable electricity sources in combination with the
higher electricity demand has led to peakiness of our electricity use [57].

On average, grid utilization in the Netherlands ranges from 25% to 30%, with increased utilization
during peak moments [58]. One strategy to alleviate congestion issues is to optimize the utilization of
the existing network closer to 100%.

Figure 8 & Figure 9 provide an overview of the state of the electricity supply and demand network in
December 2023 [59]. The restricted areas are marked by their severity levels indicated by red (no
transport capacity available), orange (no transport capacity available for the time being), and yellow
colors (limited transport capacity available) [59].

Bruxelles Louven
ssel

Figure 9: Capacity map of output in the electricity grid [59] Figure 8: Capacity map of input in the electricity grid [59]
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Congestion

Congestion presents a two-sided operational challenge, characterized by the incapacity of the existing
transport infrastructure to transmit electricity from one area to another, leading to a twofold imbalance
scenario [60].

The functioning of present electricity systems, relying on stable and controllable energy sources, is built
upon the principle that the supply aligns with the demand. Nevertheless, achieving this is not feasible
with solar and wind as electricity sources, given our inability to control their availability. The electricity
output of a solar facility, for instance, can swiftly shift from generating a substantial amount to none at
all, dependent on the weather. The inertia of the heavy, rotating rotor in a traditional power plant's
generator is very different from the quick responsiveness of solar panels in generating electricity. This
swift response can result in abrupt fluctuations in energy supply, posing a threat to the overall stability
of the electricity grid [55].

Laan demonstrates an illustrative instance of congestion that emerges following the implementation
of the technical 110% rule (Figure 10). The transport requirements of 60 MVA at node C and 50 MVA
at node D cannot be fulfilled due to the 100 MVA limit from node A to B. Consequently, grid congestion
occurs, characterized by an excess of electricity at node A and a deficiency of electricity at nodes C and
D [61]. More information on congestion can be found here [60].
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Figure 10: lllustrative example of congestion after applying the technical 110% rule [61]

Capacity shortage and congestion can lead to imbalances between electricity supply and demand.
When there is excess supply and limited capacity to transport electricity to areas with high demand,
negative prices may occur within the Imbalance Market as producers attempt to offload surplus
electricity. Researchers have identified a correlation between the increased amount of RE (TWh
production) and the quantitative increase in the imbalance of the Dutch electricity market (MWh) [56].

18



3.6 The Imbalance Market

If every producer and consumer were to stay within their capacity limitations, then negative prices on
the Imbalance Market could be attributed to forecast errors. If no producer or consumer were to
deviate from its forecast, then there wouldn't be an imbalance to manage in the first place. On the
producer side, forecasting errors primarily occur with RE production [27].

The main energy sources for RE are weather-dependent, relying heavily on forecasted weather
information [8], [27]. Since most RE forecasting relies on the same weather data, inaccuracies in these
forecasts can result in significant fluctuations in RE production. Due to the substantial share of RE
capacity in the mix, any forecast error promptly results in a significant impact on the Imbalance Market.
This forecast error will result in either an energy excess or shortage, requiring balance through the
operation of the Imbalance Market. In times of energy excess, the Imbalance Market will have negative
prices. These negative prices should motivate producers to curtail their energy production, while they
could also encourage consumers to increase their energy usage. Conversely, during energy shortages,
the Imbalance Market will experience positive prices, encouraging producers to increase their energy
production, while they could also prompt consumers to decrease their energy usage [62].

When this is translated into the means of RE production, the Imbalance Market only triggers the
curtailment of RE because of the fact that production can't be increased (the sun can't shine brighter
or the wind can't blow harder than it is already doing).

As mentioned before, negative prices in the EPEX Market (Day-Ahead) result in decreased income for
energy producers. However, in the Imbalance Market, negative prices trigger the curtailment of energy
production.
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3.7 Green Power Purchase Agreements

Based on the aforementioned theory, the inefficiency of the electricity market is caused by multiple
factors. Firstly, the market's oligopolistic structure with entry barriers for producers contributes to its
imperfection. The rapid changes in demand and limited storage make it vulnerable to manipulation by
dominant market players. Secondly, regulations like SDE++ and GoOs, along with hindrances from the
ENDEX market, result in negative prices on the EPEX Market. Thirdly, grid limitations such as capacity
constraints and congestion, combined with forecast errors, lead to negative prices in the Imbalance
Market. These factors collectively contribute to the inefficiency of the Electricity Market.

Now that the causes that lead to the inefficiency of the market have been discussed, it's time to
investigate what the expected effect of the inefficient market is on the GPPAs.

GPPAs play a pivotal role in various forms of bilateral energy trading, depending on the types of sellers
and buyers [63]. Specifically, a GPPA constitutes a bilateral agreement between an energy-consuming
company, committing to procure future energy generation from a RE producer at prearranged prices
[64]. These contracts offer financial benefits to both producers and consumers by offering price
certainty for the future unpredictable energy generation of producers, in contrast to the volatility of
uncertain electricity market prices [65].

GPPAs are only possible when both the producer and the consumer are clients of the same PRP. This
requirement is needed because the forecast and allocation need to be monitored by the same party.
The forecast is needed for the E-program while the allocation is needed to determine the PRP’s
deviation from it. The impact of the allocation is further explained in the Methods section.

GPPAs with fixed prices are not linked to the EPEX or Imbalance Market. These fixed prices are effective
during specific time intervals (15 minutes) when there is a synchronization of electricity supply and
demand between the producer and the consumer. Consequently, during these synchronized intervals,
these contractual arrangements remain unaffected by inefficiencies in the electricity markets.

In instances of surplus or deficit electricity, either the consumer or the producer must engage in trading
on the DAM, IDM, or Imbalance Market to address the surplus or deficit. This surplus or deficit leads
to uncertainty within the GPPAs. The higher the concurrency rate® is, the less dependent a consumer
or producer is on the market functioning. The concurrency rate can be calculated both from the
perspective of the consumer and the producer. A lower concurrency rate on GPPAs presents financial
and technical challenges for buyers and sellers [66].

6 Concurrency rate: The amount of energy that is simultaneously produced and consumed in the same 15 min
interval, over a period of 1 year. This rate will be calculated individually for each energy consumer based on the
data of the energy producer.
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Figure 11 provides a graphical representation of the energy exchanged between a consumer and a solar
PV producer involved in a GPPA. The producer's production is depicted in grey, while the consumer's
consumption is shown in green. During these three days, the electricity production from the producer
exceeded the electricity demand from the consumer during solar hours. Therefore, all the forecasted
electricity was delivered from the producer to the consumer against the set agreement. In this scenario,
the excess of generated electricity is traded on the EPEX Market, while forecast errors for both
consumption and production are traded on the Imbalance Market. During these three days, the
producer achieved a concurrency rate of 67%. This means that only 33% of the produced energy is

traded on the EPEX Market, thereby reducing the producer's reliance on the inefficiencies of the
electricity market.

Time (days)

Monday Tuesday Wednesday

Energy output (kWh)

Figure 11: GPPA allocation between a consumer and a producer (67% concurrency rate)
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4. Methodology

The research question aims to explore the multifaceted impact of the inefficiency of the Dutch
electricity market on solar parks consisting of contractual GPPAs. Specifically, it seeks to investigate how
GPPAs influence the curtailment of renewable energy.

4.1 Definitions
The following methods are used to answer sub-question 1:

Curtailment

The total energy curtailed due to the regulations of the SDE++ subsidy is calculated based on the
production data of different solar parks. For each solar park, a simulation is made in which the inverter
capacity is limited to 50%. Therefore, the amount of energy is capped for each 15-minute interval if it
would have exceeded 50% of the maximum output. To determine this capacity, the installed capacity
of the solar park (Psoiar) is multiplied by 50%. The following formula is used to calculate the new power
output of the solar park:

Powetyey, = Psorar * 0.5 €Y)

For each 15 minute interval (PTU) the maximum energy production is calculated as follows:
Energymax = Powerye,, /4 2)

When the actual energy production exceeds the Energymay, it is scaled back to the maximum production
based on the 50% inverter capacity (Esox). Based on this new energy production (Esox), the curtailed
energy due to the limited inverter capacity is calculated as a percentage of the original energy output,
with the inverter capacity averaging 80%.

Ecnor — Ecno
Curtailed energy % = w 3)
80%

The following methods are used to answer sub-question 2a:

EPEX revenue

Each hour has its own EPEX price, determined through the process explained on page 12. Each interval
of prices (EPEX price:) is multiplied by the energy forecasted (Nomination;) for the same interval. The
revenue obtained from the EPEX Market is calculated as follows:

EPEX revenue = Z Nomination, * EPEX price; 4)
t
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Therefore, this calculation is made for each solar park for each hour, comprising 8,760 different
intervals (365 days * 24 hours).

Imbalance

The Imbalance Market is explained in subparagraph 2.3 The Electricity Market. The Imbalance Market
provides both a buy (take) and a sell (feed) price every minute. The price for each 15-minute interval is
determined by the price of the last minute within that interval.

The forecast (homination) for every producer is traded against the EPEX market. Frequently, there exists
a variance between the forecasted (nomination) and actual (allocation) electricity generation, known
as an imbalance. The formula for imbalance is as follows:

Imbalance; = Allocation; (production) — Nomination; (forecast) (5)

Imbalance revenue

The prices for the Imbalance Market can vary, being positive when there is a shortage of energy on the
market or negative when there is an excess of energy. These prices differ for each time interval. The
Imbalance Market provides a final buy (take) and sell (feed) price at the end of each 15-minute interval.
Imbalance can occur in either a positive (more produced than forecasted) or negative (less produced
than forecasted) direction.

The revenue obtained from the Imbalance Market can be calculated for each interval as follows:

Imbalance revenue = 2 Imbalance; * Imbalance price; (6)
t

This calculation is made for each solar park for every quarter, comprising 35.040 different intervals (365
days * 24 hours * 4 quarters).

In the event of an excess of energy produced (allocation > nomination), leading to a positive imbalance,
the feed price is utilized to determine the value of the created imbalance. Conversely, in the case of a
shortage of energy produced (allocation < nomination), resulting in a negative imbalance, the take price
is employed.

Financial loss

The financial loss is calculated by summing the negative prices within both the EPEX and Imbalance
Market. Each interval of negative prices (P:) is multiplied by the energy quantity (E:) traded during the
corresponding negative interval by the solar park:

Financial loss = Z[MIN(O, P)] * E; (7N
t
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The following methods are used to answer sub-question 2b:

Energy steering

Energy steering operates based on a predefined threshold, which represents the minimum price
required by the Imbalance Market before energy steering is initiated. The system sends signals based
on an algorithm that tracks Imbalance Market prices every second. This process leads to the
curtailment of energy, and the outcome is the duration of curtailment within the same time interval.
Energy steering solely relies on data from the Imbalance Market and is therefore based on 15-minute
intervals (900 seconds). The total duration of curtailed energy is defined as “Seconds Curtailed”.

Curtailment each Interval

For each interval, the energy curtailed is calculated by the following equation:

Curtailment; (PTU) = (Seconds Curtailed;/900) * Allocation; (8)

This equation is used to calculate the new allocation data for solar parks without GPPAs when energy
steering is applied, as opposed to when it is not applied. The following equation is used to determine
the allocation when energy steering is applied:

Allocation steering, (PTU) = Allocation ; — Curtailment; ()]

Imbalance

Due to the steering, the allocation changes and therefore the imbalance needs to be calculated with
the new allocation (Allocation steering) for each time interval (t):

Imbalance; (PTU) = Allocation steering; — Nomination ; (10)

Additionally, the revenue obtained by the Imbalance Market needs to be recalculated. This equation
utilizes the formula for Imbalance Revenue as given on page 23.

Total Curtailment

Curtailment is presented both in absolute terms (MWh) and as a percentage of potential PV output.
This percentage signifies the proportion of PV output that was curtailed compared to the total potential
energy production [67]:

E .
Curtailment % = Curtailed * 100 11D

EProduced + ECurtailed
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The following methods are used to address sub-question 3a:

EPEX revenue

The difference between sub-question 2a and 3a is that a certain amount of energy isn't traded via the
EPEX market, but via the GPPA. Therefore, each interval of forecasted energy production (Nomination:)
will first be subtracted by the amount of energy directly sold to the GPPA for the same interval (GPPA,)
and then multiplied by the EPEX price (EPEX pricei). The revenue obtained from the EPEX Market is
calculated as follows:

EPEX revenue = Z MAX(0, Nomination; —Egppa+) * EPEX price; (12)
t

When the nomination of the solar park is smaller than the nomination towards the GPPA (nomination
< Egppat), the nomination accounted to the EPEX will automatically be set to 0 and therefore the revenue
obtained from the EPEX is € 0.

GPPA revenue

The revenue obtained by the GPPA is calculated based on the GPPA price (Pcpea) Which is set at a rate
that is agreed upon by both parties (consumer and producer). This price is multiplied by the quantity
of energy that is directly traded against the GPPA consumer (Ecppa). When, within a specific interval,
the solar park's power allocation falls below the Egppa demand (allocation: < Egppat), the entire allocation
is attributed to the GPPA. This is calculated as follows:

GPPA revenue; = Z IF (Allocation; > Egppa¢; Egppat; Allocation;) * Pgppat (13)

t

Because both the energy producer and the energy consumer are clients of the same Program
Responsible Party (PRP), the simultaneous energy provision from the producer to the consumer in the
GPPA is an administrative act. Therefore, the Allocation and the Nomination of the GPPA are the same.
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The following methods are used to address sub-question 3b:

Curtailment per Interval

For each interval, the energy curtailed is calculated. For solar parks consisting of contractual GPPAs, not
the entire allocation (production) is available for curtailment because some energy is allocated to the
GPPA and not traded via the market. Therefore, the energy allocated to the GPPA needs to be
subtracted from the allocation (production) data before the curtailment can be calculated. When the
allocation of the solar park is smaller than the nomination towards the GPPA (allocation < GPPA),
curtailment will automatically be set to 0 seconds and therefore avoided. With the new curtailment
per PTU, the imbalance is calculated. Subsequently, based on the new imbalance, the revenue obtained
from the Imbalance Market is calculated. This formula is as follows:

Curtailment ((PTU): IF (Allocation,
> GPPA,; ((900 — SecondsCurtailed,)/900) = (Allocation, — GPPA,); 0) (14)

This equation includes the energy allocated to the GPPA, and is used to calculate the new allocation
data for solar parks without GPPAs when energy steering is applied. Each interval (t: 15 minutes) has
its own amount of curtailed energy and therefore its curtailment rate.
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4.2 Data analysis
Based on the methods, the following analysis was used to answer each sub-question:

1. What triggers curtailment in the Dutch electricity market, leading to the underutilization of
renewable energy potential?

Quantifying the energy curtailed due to regulations attached to the SDE++ subsidy (sub-question a)
involved a thorough examination of 11 solar parks. The criteria for selecting these 11 solar parks were
as follows: solar parks without contractual GPPAs and energy steering software. The methods
attributed to sub-question 1 were used to determine the energy curtailment due to new SDE++
regulations.

To address the extent to which the EPEX Market's structure and the Imbalance Market's structure
triggered curtailment (sub-questions b and c), the research delved into the occurrences of negative
prices within both markets. The first phase entailed pinpointing the intervals marked by negative
pricing. This data is graphically presented, facilitating clear comprehension and visualization of the
identified issues.

To address the effect of negative prices on the actual electricity mix (sub-question d), data sourced
from the ENTSO-E transparency platform was used to examine the energy production types in
operation during intervals marked by negative prices on both the EPEX and Imbalance Market. Based
on this information, an analysis was conducted to ascertain whether negative prices led to the
curtailment of fossil fuel-driven energy production. The data is presented in graphs, providing a clear
overview of the different energy producers during negative time intervals.

2. What are the financial and energy losses, for solar park owners without contractual GPPAs, due
to the inefficiency of the electricity market?

Figure 12 presents an overview of the identification strategy used for the various solar parks from which
the data for this research is obtained.

For sub-question 2, forecast (nomination) and production (allocation) data from eight different solar
parks for the year 2023 were used. The solar parks used for Groups 1 and 2 were identical. The
difference between Group 1 and Group 2 was that Group 2 underwent an energy steering simulation.
This was necessary because Groendus did not have annual data for solar parks with energy steering in
2023.

The criteria for selecting these eight solar parks were as follows: they lacked energy steering software,
didn't have contractual GPPAs, meaning all energy was traded via the market, and had to have a
minimum capacity of 300 kWp. This last requirement was chosen based on the need for the energy
steering effect to be measurable. Smaller solar parks would have a smaller effect on these
measurements.

Financial losses (question 2a) occurred in both groups (Group 1 & 2 in Figure 12). The baseline for
financial loss was set based on the financial performance of the group which was completely
dependent on the market functioning and therefore didn't consist of energy steering hardware and
software (Group 1 in Figure 12). Quantifying the financial loss involved extracting the amount of energy
produced during the negative prices on both the EPEX and Imbalance Market.

From these solar parks, the revenue streams allocated to the EPEX and Imbalance Market were
calculated. To determine the financial losses (question 2a) each negative EPEX interval was multiplied
by the forecast and each negative imbalance interval was multiplied by the quantity of imbalance (the
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method is explained on page 22). To be able to perform a clean measurement, negative revenue from
the Imbalance Market was only accounted for when the production (allocation) exceeded the forecast
(nomination) and led to a negative income obtained from the production of RE. Therefore, negative
income stemming from a shortage of energy production (allocation < nomination) was excluded from
the calculation.

Quantifying the energy loss (question 2b) required extracting the curtailment loss from the data. For
Group 2, the forecast (nomination) data remained unchanged, while the production data varied
(allocation). This discrepancy arose because energy steering software leveraged the imbalance signal
to evaluate whether deviating from the nomination could yield additional revenue. In the context of
renewable energy production, this often results in encountering negative take prices and the
subsequent curtailment of renewable energy output.

The reference group, designated as Group 1, contained solar parks lacking energy steering and without
contractual GPPAs. To determine the electricity loss caused by curtailment, generation data from Group
2, comprising solar parks with energy steering and without contractual GPPAs, was utilized. Energy loss
occurred when solar parks were equipped with energy steering hardware and software (Group 2 in
Figure 12).

Solar Park without Energy Solar Park with Energy
Steering Steering
Solar Park without
aPPA Group 1 Group 2
Solar Park with Group 3 Group 4

a PPA

Figure 12: Identification strategy of different solar parks

3. What are the financial and energy losses, for solar park owners with contractual GPPAs, due to
the inefficiency of the electricity market?

Groups 1 and 2 have been established in sub-question 2. After, Groups 3 and 4 were established (see
Figure 12).

For sub-question 3, forecast (nomination), production (allocation), and GPPA allocation data from 10
different solar parks for the year 2023 were used. Again, the solar parks used for Groups 3 and 4 were
identical. The difference between Group 3 and Group 4 was that Group 4 underwent an energy steering
simulation. This was necessary because Groendus did not have annual data for solar parks with energy
steering in 2023.

The criteria for selecting these 10 solar parks were as follows: they lacked energy steering software,
did have contractual GPPAs, meaning not all energy was traded via the market, and had to have a
minimum capacity of 300 kWp. As already mentioned, this last requirement was chosen based on the
need for the energy steering effect to be measurable. Smaller solar parks would have a smaller effect
on these measurements.
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Financial losses (question 3a) occurred in both groups (Group 3 & 4 in Figure 12). This time, both groups
were less dependent on the functioning of the market. This was because a substantial part of the
energy production was sold via the GPPA. For group 3, the results only obtained financial effects due
to the absence of energy steering hardware and software. Quantifying the financial loss involved
extracting the amount of energy produced during the negative prices on both the EPEX and Imbalance
Market.

For sub-question 3a, forecast (nomination), production (allocation), and GPPA allocation data from 10
solar parks for the year 2023 were used. From these parks, the revenue streams allocated to the EPEX,
GPPA, and Imbalance Market were calculated. Each negative EPEX interval was multiplied by the
forecast minus the GPPA and each negative imbalance interval was multiplied by the quantity of
imbalance (the method is explained on page 29). Again, to perform a clean measurement, negative
revenue from the Imbalance Market was accounted for only when the production (allocation) exceeded
the forecast (nomination) and resulted in negative income from renewable energy production.
Therefore, negative income resulting from an energy production shortfall (allocation < nomination) was
excluded from the calculation.

Quantifying the energy loss (question 3b) required extracting the curtailment loss from the data. For
Group 4, the forecast (nomination) data remained unchanged, while the production data varied
(allocation). Again, this discrepancy arose because energy steering software leveraged the imbalance
signal to evaluate whether deviating from the nomination could yield additional revenue. In the context
of renewable energy production, this often results in encountering negative take prices and the
subsequent curtailment of renewable energy output.

The reference group, designated as Group 3, comprised solar parks with GPPAs but lacking energy
steering. To determine the electricity loss caused by curtailment, generation data from Group 4,
comprising solar parks with energy steering and contractual GPPAs, was utilized. Energy loss occurred
when solar parks were equipped with energy steering hardware and software (Group 4 in Figure 12).
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4.3 Data comparison

Several requirements were imposed on each group. Figure 12 illustrates the identification strategy
along with the requirements for each group.

For sub-question 3a, the analysis focused on solar parks comprising contractual GPPAs but lacking
energy steering software (Group 3 in Figure 12). Forecast (nomination), production (allocation), and
GPPA allocation data from the 10 solar parks for the year 2023 were used. The baseline for this group
was determined based on the financial performance of solar parks that were completely dependent
on the market functioning and therefore didn't consist of energy steering hardware and software
(Group 1 in Figure 12).

For sub-question 3b, the analysis focused on solar parks comprising contractual GPPAs and energy
steering software (Group 4 in Figure 12). Forecast (nomination), production (allocation), and GPPA
allocation data from the same 10 solar parks for the year 2023 were used. Energy steering was only
applied to a substantial part of the production (allocation). First, the GPPA allocation was subtracted
from the solar park allocation to determine the energy used for curtailment. Therefore, the potential
curtailment was smaller. The baseline for energy loss was established based on the curtailed energy of
solar parks that are dependent on the market functioning and include energy steering hardware and
software (Group 2 in Figure 12).

When the results from each group were finalized, a comparison was made in section 6.4 Overview of
the Results to determine to what extent solar PV parks with contractual GPPAs are influenced by the
inefficiency of the Dutch electricity market compared to solar parks without contractual GPPAs. This
comparison was made for each group and expressed in the amount of negative revenue obtained per
MWh of electricity (€ / MWh).

30



5. Data Section

The research utilized a dual approach based on longitudinal data, employing both quantitative analysis
and case study evaluations, to investigate the impact of GPPAs on the curtailment of RE. First, national
data on the Dutch electricity market was gathered. The EPEX prices for the year 2023 were extracted
from the EPEX database and the Imbalance prices were from the TenneT database [14], [68]. Both these
databases were used to examine the Dutch electricity market for the year 2023. Annual data on the
actual generation per production type was extracted from the ENTSO-E transparency platform [9].

Data for the solar parks were extracted from the Groendus database. For the solar parks that were in
the possession of contractual GPPAs, data on the nomination, allocation, and GPPA allocation were
extracted.

This chapter will discuss the datasets that were used for answering each sub-question. A distinction is
made between public and private data. Descriptive statistics for each dataset are presented here,
including the number of intervals, the average, the standard deviation, the minimum, and the
maximum. This analysis allows for an examination of the distribution, central tendency, and variability
within each dataset, contributing to the understanding of the behavior and characteristics of the
variables used in this study.

5.1 Public data

By examining the descriptive statistics provided in Table 2 for the EPEX and Imbalance prices, a
difference in the number of intervals is observed. This variation arises from the difference in Program
Time Units (PTUs). The EPEX Market operates with PTUs of 1 hour, resulting in 8,760 intervals per year.
In contrast, the Imbalance Market operates with PTUs of 15 minutes, resulting in four times as many
intervals, totaling 35,040 per year.

The Imbalance Market exhibits a significantly higher standard deviation of €194.95, compared to the
EPEX Market's standard deviation of only €49.04. Additionally, the price range on the EPEX Market
spans from €-500 to €463.77, whereas prices on the Imbalance Market vary more widely, ranging from
€-1,549.47 to0 €2,037.74.

Table 2: EPEX and Imbalance prices for the year 2023

Intervals Average (price) Standard deviation Minimum Maximum
EPEX prices 8,760 | € 95.83 [ € 49.04 | € -500.00 | € 463.77
Imbalance Take prices 35,040 | € 103.43 | € 195.69 | € -1,549.47 | € 2,037.74
Imbalance Feed prices 35,040 | € 93.61 | € 194.95 | € -1,549.47 | € 2,037.74

Table 3 presents the descriptive statistics for actual generation by production type, expressed in power
(MW). The data is segmented into 15-minute PTUs. The maximum energy generated from a single
source within one PTU is 28,237 MW, categorized under "Other." This volume is anticipated to be
imported energy and, as such, is not attributed to a specific generation source.

Table 3: Actual Generation per Production Type from the ENTSO-E [9]

ENTSO-E production Average (MW) Maximum

28,237.00

Standard deviation  Minimum

1,436.35

735,840
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5.2 Private data

Table 4 provides an overview of the data used to determine the new energy production if the inverter
capacity would be set at 50%. Data from 11 different solar parks was used to determine the outcome.

Table 4: Generation data of 11 solar parks with an inverter capacity above 70%

Intervals Average (kWh) Standard deviation | Minimum Maximum

385,440 20.87 50.66 0.00 490.225

Table 5 provides an overview of the different requirements for each group as detailed in section 4.2,
Data Analysis. Table 6 presents the descriptive statistics for the different groups. Groups 1 and 2 contain
data from the same solar parks, as do Groups 3 and 4. The difference between Groups 1 and 2, and
between Groups 3 and 4, are due to the energy steering software, which influences the allocation data
and, consequently, the descriptive statistics.

Groups 1 and 2 provide data attributed to eight solar parks, while Groups 3 and 4 cover data from ten
solar parks. This difference can be observed in the number of intervals. Additionally, the installed
capacity of the ten solar parks is 2.8 times greater than that of the eight solar parks. As a result, the
average production data for the ten solar parks (Groups 3 and 4) is larger than that of the eight solar
parks (Groups 1 and 2). Additionally, within the data presented in Groups 3 and 4, the largest solar park
is approximately 3.6 times larger than the largest solar park represented in Groups 1 and 2.

Table 5: Requirements for each group

Group Requirements

1 Solar parks without GPPAs and without energy steering
2 Solar parks without GPPAs and with energy steering

3 Solar parks with GPPAs and without energy steering

4 Solar parks with GPPAs and with energy steering

Table 6: Allocation, Nomination, and GPPA data of each group

Intervals Average (kWh) Standard deviation Minimum Maximum
Allocation of Group 1 280,320 11.06 19.62 0.00 120.00
Nomination of Group 1 280,320 12.06 20.17 0.00 133.91
Allocation of Group 2 280,320 9.70 18.01 0.00 120.00
Nomination of Group 2 280,320 12.06 20.17 0.00 133.91
Allocation of Group 3 350,400 24.45 52.93 0.00 438.75
Nomination of Group 3 350,400 26.22 53.94 0.00 438.45
GPPA nomination of Group 3 350,400 15.39 34.87 0.00 363.25
Allocation of Group 4 350,400 22.95 50.03 0.00 438.75
Nomination of Group 4 350,400 26.22 53.94 0.00 438.45
GPPA nomination of Group 4 350,400 15.39 34.87 0.00 363.25
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6. Results

The following section presents both quantitative results derived from the analysis of diverse datasets
and qualitative findings stemming from theoretical and practical research.

6.1 The different triggers that cause curtailment

Understanding the challenges of curtailment in electricity markets is crucial for optimizing resource use
and improving operational efficiency. This chapter delves into the complex factors that influence
curtailment. The influence of regulatory frameworks, and market mechanisms, including the EPEX and
the Imbalance Market, on the phenomenon of curtailment is examined. Through a comprehensive
analysis, valuable insights for stakeholders in the energy sector seeking to mitigate curtailment and
improve overall market performance are aimed to be provided.

The influence of the SDE++ subsidy

The Dutch Minister for Climate and Energy has introduced stricter requirements for solar panel projects
participating in the SDE++ subsidy scheme, mandating that the inverter capacity be limited to 50
percent of the solar panel's peak power. This marks a significant change from the previous capacity
allowance of 100% before 2021 and 70% since then [17]. The rationale behind this adjustment stems
from research indicating that a grid connection comprising 45% to 50% of the PV peak capacity
represents an optimal balance between cost efficiency and sustainable energy production [69]. Based
on these requirements, RE will be curtailed because the inverter capacity is unable to convert all the
generated renewable energy during peak moments.

This study examined the government's assertion through an analysis of production data from 11 solar
parks in 2023, with an average inverter capacity of 80%. This enabled quantification of the potential
energy loss if the inverters had operated at 50% of the installed capacity. The methodologies for these
calculations are detailed in 4.1 Definitions. The findings indicate an overall loss of energy production of
5.43% compared to the original inverter capacities. Table 7 provides an overview of the aggregated
values for the 11 solar parks.

Table 7: Solar park inverter details

Installed solar capacity (kWp) 9,111.79
installed inverter capacity (kWp) 7,263.80
Inverter capacity 80%
Generation (kWh) 8,044,515.14
Invertercapacity 50% (kWp) 4,643.30
Generation with 50% inverter capacity(kWh) 7,607,992.75
% losses due to 50% inverters 5.43%
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The EPEX Market

This section will dive into the influence of the EPEX Market on the curtailment of solar energy. As
defined in the introduction, negative prices in the electricity market are established as the inefficiency
of the market. This paragraph will look further into the occurrence of inefficient moments in the EPEX
market. In 2023, the EPEX Market recorded 315 hours of negative prices. The data is initially organized
by the frequency of negative EPEX prices for each month, as illustrated in Figure 13, and further detailed
in Figure 14, which outlines the distribution of negative prices by the hour they occurred [14]. In
February and November, there were no instances of inefficiency observed in the EPEX Market.
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Figure 13: Count of negative EPEX prices in 2023 divided over the months
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Figure 14: Count of negative EPEX prices in 2023 divided over the hours of the day
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The data distinctly reveals a correlation between negative prices in the winter season, with occurrences
predominantly observed during nighttime hours (11 PM — 7 AM). Similarly, in spring and summer,
negative prices are primarily recorded during daytime hours (11 AM — 5 PM). Figure 15 provides a
comprehensive overview of negative price occurrences during the winter months, while Figure 16
offers a detailed analysis of negative price occurrences in the spring and summer months [14].
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Figure 15: Negative EPEX hours during November-January
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Figure 16: Negative EPEX hours during April-June

A distinction has been made between negative EPEX hours in winter and summer. Negative hours in
winter are characterized primarily by a large quantity of wind energy combined with low demand. In
the spring and summer, negative hours are predominantly influenced by solar energy in combination
with wind energy. Most of these negative intervals in the spring and summer occur on weekends, with
low electricity demand and high renewable energy penetration. Consequently, the excess electricity
produced is higher in the spring and summer months compared to the winter months, leading to higher
negative prices in the spring and summer [14].
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The Imbalance Market

This section will dive into the influence of the Imbalance Market on the curtailment of solar energy. On
the electricity market, solar parks are initially subject to the EPEX market, relying on forecasts
generated the day before at 12 pm. These forecasts dictate the required electricity generation. If there
is an excess or shortage of electricity within the 15-minute interval, companies are obligated to buy or
sell their surplus or deficit on the Imbalance Market.

Negative prices on the Imbalance Market can result in either financial losses or quantitative energy
losses due to energy steering, which is financially incentivized. This subparagraph will look further into
the occurrence of negative prices in the Imbalance Market.

Unlike the EPEX market, the Imbalance Market operates on a 15-minute interval instead of a one-hour
interval. The data is initially organized by the frequency of negative imbalance prices for each month,
as illustrated in Figure 17, and further detailed in Figure 18, which outlines the distribution of negative
prices by the hour they occurred.
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Figure 17: Count of negative Imbalance prices in 2023 divided over the months of the year
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Figure 18: Count of negative Imbalance prices in 2023 divided over the hours of the day
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Unlike the EPEX Market, there is a weaker correlation between negative hours and the nighttime in the
fall and winter seasons. However, during the spring and summer months, negative hours
predominantly occur during daytime hours, corresponding to the generation profile of solar energy.
Figure 19 provides a comprehensive overview of negative price occurrences during the fall and winter
months, while Figure 20 offers a detailed analysis of negative price occurrences in the spring and
summer months.
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Figure 19: Negative Imbalance quarters during November-January
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Figure 20: Negative Imbalance quarters during April-June
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Analyzing the impact of Negative Prices on the Electricity Market

The question arises: What is the effect of negative prices on the actual generation of electricity within
the Dutch electricity market? Figure 21 provides an overview of the different prices on both the
Imbalance and EPEX markets for July 2, 2023, between 12:15 and 16:45. It's evident that all hours show
extremely negative prices on the EPEX market, while the feed prices for the Imbalance Market are also
negative but to a lesser extent. Figure 22 offers insight into the actual electricity generation stemming
from fossil gas and solar. Despite the negative prices on both the EPEX and the Imbalance Market, a
substantial amount of electricity stemming from gas (+/- 8%) is still generated during these periods.

The impact of energy steering on solar assets is evident in Figure 22. Energy steering operates based
on a predefined threshold, which represents the minimum price required by the Imbalance Market
before energy steering is initiated. Solar energy production decreases when the Imbalance Market
reaches higher negative prices. Consequently, the threshold at which energy steering operates is
reached for a greater number of solar parks, leading to a larger decrease in solar energy production.
As shown in Figure 21, the imbalance price becomes almost positive at 16:45, resulting in an increase
in solar energy production once again.

This indicates the inefficiency of the electricity market in which we find ourselves having to pay for the
production of sustainable energy while, at the same time, electricity is still being produced by fossil-
driven sources.
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Figure 21: EPEX and Imbalance prices (€) from 02-07-2023
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6.2 The Economic impact for solar parks without GPPAs

In exploring the economic landscape for solar park owners operating without contractual GPPAs, it is
essential to examine the impact posed by the inefficiencies in the electricity market. These costs often
translate into concrete financial burdens for solar park owners, impacting their bottom line and
operational viability. The findings, outlined in subparagraphs The EPEX Market and The Imbalance
Market, illustrate the timing and frequency of inefficiencies within the electricity market. This section
aims to analyze and clarify the various financial burdens faced by solar park owners without the
security of GPPAs as a consequence of the inefficient electricity market.

First, the economic losses for solar parks without contractual GPPAs and energy steering software are
assessed (Group 1 in Figure 12). Subsequently, the economic losses for solar parks equipped with
energy steering software but without contractual GPPAs are determined (Group 2 in Figure 12). The
economic losses for solar parks with energy steering encompass not only financial aspects but also the
guantity of energy curtailed.

Quantifying the energy loss requires extracting the curtailment loss from the data. Consequently, the
data from the eight solar parks is simulated to determine the potential outcomes if energy steering is
utilized. The energy management software solely relies on data sourced from the Imbalance Market
for its inputs.

The deviation in results between solar parks within a single group can be attributed to differences in
size and location. Since these deviations are not significant, the results from each solar park are
aggregated into one table. This aggregation allows for a clearer comparison between groups. An
overview of the individual results for each solar park within a group is provided in Appendix A: Results.

Economic losses for solar parks without energy steering

The identification strategy is given in Figure 12. This sub-paragraph entails Group 1 from Figure 12
comprising solar parks without contractual GPPAs and energy steering software.

Table 8 presents an overview of the energy allocation and nomination for the 8 solar parks that are not
in the possession of either GPPAs or energy steering.

Table 8: Aggregated Allocation, and Nomination of 8 solar parks

Total 3,100,995.43 3,315,090.36

For these solar parks, revenue is derived from two places: the EPEX, and the Imbalance Market. Initially,
the forecast is traded against EPEX prices. This happens the day before delivery at 1 pm. Imbalances
arise during the actual energy delivery due to disparities between forecasted (nomination) and actual
(allocation) electricity generation. These discrepancies result in both positive and negative income,
contingent upon the energy balance within the electricity market.
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Based on the data provided in Table 8, Table 9 presents the aggregated revenue streams obtained from
all solar parks in Group 1.

Table 9: Revenue streams of 8 solar parks

Solar Parks  Epex Imbalance
Total € 234,678.45 | € -74,091.55 | € 160,586.90

To investigate market inefficiencies, data from eight distinct solar parks are analyzed. Across all parks,
negative incomes are observed on both the EPEX and Imbalance Market. Notably, the negative revenue
from the Imbalance Market exceeds the positive revenue, resulting in a negative revenue obtained
from the Imbalance Market.

The inefficiency of the electricity market is defined as the situation in which we have to pay for the
production of renewable energy (RE) while electricity is still being produced by fossil-driven sources.
Therefore, inefficiency in the electricity market occurs when a RE producer incurs costs for the
electricity forecasted on the EPEX Market and for the surplus of electricity traded on the Imbalance
Market. When production data surpasses the forecasted figures, it results in an excess of electricity
being generated. Consequently, an analysis is conducted to investigate the occurrence of negative
prices.

Table 10 gives an overview of the negative revenue obtained from both the EPEX and the Imbalance
Market. These are negative revenue streams that can be attributed to the inefficiency of the electricity
market. All the negative revenue stemming from the EPEX Market can be attributed to the inefficiency.
For the Imbalance Market, a distinction is made between negative income resulting from the excess of
renewable energy (allocation > nomination) and the negative income resulting from a shortage of
renewable energy (nomination > allocation). The Imbalance column in Table 10 only represents the
negative income stemming from an excess in renewable energy.

Table 10: Negative revenue of 8 solar parks

Solar park Epex Imbalance
Total € -15,251.85 | € -18,690.68

The negative revenue obtained from the EPEX Market is lower than the negative revenue obtained
from the Imbalance Market. This can be explained by the lower volatility of the EPEX Market in
comparison to the Imbalance Market. By examining the descriptive statistics provided in Table 2 for the
EPEX and the Imbalance prices (page 31), it is evident that the negative revenue from the Imbalance
Market is higher. The larger negative revenue from the Imbalance Market is attributed to its greater
standard deviation of € 194.95, compared to the EPEX Market's standard deviation of only € 49.04.
Furthermore, prices on the EPEX Market range between € -500 and € 463.77, while prices on the
Imbalance Market fluctuate between € -1,549.47 and € 2,037.74.
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Economic losses for solar parks with energy steering

The identification strategy is given in Figure 12. This sub-paragraph entails Group 2 from Figure 12
comprising solar parks equipped with energy steering software but without contractual GPPAs.

As explained, energy losses occur due to the effect of negative prices in the Imbalance Market. The
negative revenue obtained from the Imbalance Market in Group 1 (see Table 9) explains why solar park
owners would like to have their assets equipped with energy steering hardware and software.

The formula for imbalance is provided in the Methods section as follows:
Imbalance; = Allocation; (production) — Nomination, (forecast) (15)

The imbalance can either be positive (more produced than forecasted) or negative (less produced than
forecasted). The prices for the Imbalance Market can also be positive (when there is a shortage of
energy on the market) or negative (when there is an excess of energy on the market).

The key indicator for energy steering software is the data from the Imbalance Market. Energy steering
occurs when the renewable producers are financially incentivized by the Imbalance Market. When this
is translated into the means of RE production, the Imbalance Market only triggers the curtailment of
RE because of the fact that production can't be increased (the sun can't shine brighter, or the wind
can't blow harder than it is already doing). Therefore, energy steering only leads to reduced energy
production for solar parks.

Energy steering operates based on a predefined threshold, which represents the minimum price
required by the Imbalance Market before energy steering is initiated. Determining this threshold
involves considering the revenue streams obtained from market regulations. As explained in Chapter
3.1 The imperfect Electricity Market structure, market regulations significantly influence the revenue
stream obtained by solar park owners. Therefore, the influence of GoOs and SDE needs to be
considered to determine the threshold.

By looking at the negative prices on the Imbalance Market, the financial benefits of curtailing need to
outweigh the financial benefits of the GoO + SDE. Based on the experience within Groendus, this price
is set at €-40.00 / MWh. So when the take price of the imbalance exceeds € -40.00, the solar parks will
curtail their energy production.

To explore energy loss stemming from market inefficiencies, data from the same eight solar parks
undergo simulation using energy steering software. Table 11 presents an overview of the energy
allocation and nomination for the eight solar parks equipped with energy steering software but without
contractual GPPAs.

Table 11: Aggregated Allocation, and Nomination of 8 solar parks consisting of energy steering

Total 2,645,556.58 3,315,090.36

A particularly notable observation when comparing the results from Group 1 (Table 8) with those from
Group 2 (Table 11) is the visible decrease in the allocation from Group 2 compared to Group 1. The
nomination and revenue obtained from the EPEX Market for both groups stay the same, due to the fact
that energy steering only influences the allocation.
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Table 12 provides an overview of the revenue streams obtained from the eight solar parks equipped
with energy steering software but without contractual GPPAs.

Table 12: Revenue streams of 8 solar parks consisting of energy steering

Solar Parks Epex Imbalance
Total € 234,678.45 | € -18,475.72 | € 216,202.73

Another difference when comparing the results from Group 1 (Table 9) with those from Group 2 (Table
12) is the decrease in costs resulting from the Imbalance Market. Consequently, the cost stemming
from the Imbalance Market for these 8 parks has decreased by € 55,615.62 (34.6% increase in total
revenue), despite a decrease in energy production by 455.44 MWh (14.69% decrease in total energy
production).

One correction that needs to be made is the missed revenue stemming from the SDE and GoOs, this
number has been set at € -40.00 / MWh. Therefore, the energy losses need to be multiplied by this
number and subtracted from the extra revenue of the Imbalance Market. The new revenue therefore
is € 37,398.28 higher (23.29% increase).

Furthermore, the difference in negative revenue obtained for each group can be compared between
solar PV parks with and without energy steering (Group 1 & Group 2 in Figure 12). As previously
explained, the inefficiency of the electricity market is defined as the situation in which we have to pay
for the production of renewable energy (RE). Inefficiency in the electricity market occurs when an RE
producer incurs costs for the electricity forecasted on the EPEX Market and for the surplus of electricity
traded on the Imbalance Market. When production data surpasses the forecasted figures, it results in
an excess of electricity being generated. Consequently, an analysis is conducted to investigate the
occurrence of negative prices.

Table 13 presents the negative revenue generated by each solar park consisting of energy steering.
These negative revenue streams can be attributed to the inefficiency of the electricity market. The
forecasts of the solar parks remain the same, and therefore the negative revenue stemming from the
EPEX Market is identical for solar parks with or without energy steering (Table 10 & Table 13).

For the Imbalance Market, again the distinction is made between negative income resulting from the
excess of renewable energy (allocation > nomination) and the negative income resulting from a
shortage of renewable energy (nomination > allocation). The Imbalance column in Table 13 only
represents the negative income stemming from an excess in renewable energy.

Table 13: Negative revenue of 8 solar parks with energy steering

Solar park Epex Imbalance
Total € -15,251.85 | € -4,196.19

When comparing the results from Group 1 and Group 2 (Table 10 & Table 13), a difference in negative
imbalance revenue of €14,494.49 is observed (78.1% decrease), resulting in a better financial outcome
for the solar parks equipped with energy steering software.
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6.3 The Economic impact for solar parks with GPPAs

The first sub-question delved into market inefficiencies, while the second sub-question examined the
impact of it on two groups of solar parks without contractual GPPAs. This impact was assessed both
financially and in terms of the quantity of curtailed energy that would have been curtailed with the use
of energy steering. This last paragraph aims to analyze and clarify the various financial burdens faced
by solar park owners with the security of GPPAs as a consequence of the inefficient electricity market.

First, the economic losses for solar parks without energy steering are determined (Group 3 of Figure
12). Subsequently, the economic losses for the solar parks with energy steering are calculated (Group
4 of Figure 12). The economic losses for solar parks with energy steering encompass not only financial
aspects but also the quantity of energy curtailed.

Quantifying the energy loss requires extracting the curtailment loss from the data. Consequently, the
data from the 10 solar parks is simulated to determine the potential outcomes if energy steering is
utilized. The energy management software solely relies on data sourced from the Imbalance Market
for its inputs.

Economic losses for solar parks without energy steering with GPPAs

The identification strategy is given in Figure 12. This sub-paragraph entails Group 3 from Figure 12
comprising solar parks with contractual GPPAs but lacking energy steering software.

For these solar parks, revenue is derived from three places: the GPPA, the EPEX, and the Imbalance
Market. Table 14 presents an overview of the energy allocation, nomination, and GPPA volume. The
average concurrency rate of the GPPA is provided for the group of solar parks, indicating the proportion
of energy produced that is traded under the GPPA. These rates vary within the group, ranging from
25% to 80%, signifying low to high concurrency, respectively.

Table 14: Allocation, Nomination, and GPPA volume of 10 solar parks consisting of GPPAs

Allocation (kWh) Nomination (kwh) PPA_volume (kWh) PPA Match
Total 8,564,827.06 9,186,666.14 5,390,743.52 63%

Based on the data provided in Table 14, Table 15 illustrates the aggregate revenue stream obtained
from all 10 solar parks in the group.

Table 15: Revenue streams of 10 solar parks consisting of GPPAs

Imbalance Total
800,951.98 | € 288,917.09 | € -218,179.26 | € 871,689.81

PPA Price / MWh PPA

Total

Table 16 provides an overview of the negative revenue obtained from both the EPEX and the Imbalance
Market. The same requirements, used in Groups 1 and 2, have been used to determine the results.

Table 16: Negative revenue of 10 solar parks consisting of GPPAs

Solar park Epex Imbalance
Total € -24,070.86 | € -51,748.42
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Economic losses for solar parks with energy steering and GPPAs

The identification strategy is given in Figure 12. This paragraph entails Group 4 from Figure 12
comprising solar parks equipped with both contractual GPPAs and energy steering software.

The same threshold, that is used for Group 2, compromising solar parks without GPPAs but equipped
with energy steering software, is used to determine when energy steering will be applied. This
threshold is set at € -40.00 / MWh.

A particularly notable observation when comparing the results from Group 3 (Table 14) with those from
Group 4 (Table 17) is the visible decrease in the allocation from Group 4 compared to Group 3. The
nomination and GPPA volume for both groups stay the same, due to the fact that energy steering only
influences the allocation. As a result of the decrease in allocation combined with the same GPPA
volume, the percentage of GPPA Match has increased.

Table 17 provides an overview of the new allocation, nomination, and GPPA data.

Table 17: Allocation, Nomination, and GPPA volume of 10 solar parks consisting of GPPAs and energy steering

Allocation (kWh) Nomination (kwh) PPA_volume (kWh) PPA Match
Total 8,041,101.78 9,186,666.14 5,390,743.52 67%

Based on the data provided in Table 17, Table 18 illustrates the aggregate revenue stream obtained
from all 10 solar parks in the group.

Table 18: Revenue streams of 10 solar parks consisting of GPPAs and energy steering

Solar Parks PPA Price / MWh PPA Imbalance
Total 148.58| € 800,951.98 | € 288,917.09 | € -136,555.02 [ € 953,314.04

Another difference when comparing the results from Group 3 (Table 15) with those from Group 4 (Table
18) is the decrease in costs resulting from the Imbalance Market. Consequently, the cost stemming
from the Imbalance Market for this group has decreased by € 81,624.24 (9.36% increase in total
revenue), despite a decrease in energy production by 523.73 MWh (6.11% decrease in total energy
production).

Again, the correction for the missed revenue stemming from the SDE and GoOs needs to be made, this
number has been set at € -40.00 / MWh. Therefore, the energy losses need to be multiplied by this
number and subtracted from the extra revenue of the Imbalance Market. The new revenue therefore
is € 60,675.22 higher (6.96% increase).

Table 19 illustrates the aggregate negative revenue stream obtained from all 10 solar parks in the group.

Table 19: Negative revenue of 10 solar parks consisting of GPPAs and energy steering

Solar park Epex Imbalance
Total € -24,070.86 | € -24,132.85

When comparing the results from Group 3 and Group 4 (Table 16 &Table 19), a decrease in negative
imbalance revenue of € 27,615.56 is observed (53.4% decrease), resulting in a better financial outcome
for the solar parks equipped with energy steering software compared to the group without.
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6.4 Overview of the Results

This paragraph presents a graphical overview of the results from all four groups. This makes it clearer
to distinguish differences between groups.

First Figure 23 provides an overview of the allocation, nomination, and GPPA volume of each group.
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Figure 23: Allocation, Nomination, and GPPA Volume for each group

The discrepancy in allocation between Group 1 and Group 2, and between Group 3 and Group 4, is
attributed to the curtailed energy resulting from the energy steering software. Figure 24 illustrates the
guantity of energy curtailed in kWh, while Figure 25 provides an overview of the additional revenue
generated from the Imbalance Market due to the curtailment of renewable energy production.
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Figure 24: Curtailed energy (kWh) Figure 25: Additional revenue generated (€)
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Figure 26 presents the revenue streams from each group categorized by market and also compiled. As
illustrated, the revenue obtained from market regulation (SDE and GoOs) is also included for each
group. The differences in total revenue obtained between Groups 1 and 2, and Groups 3 and 4,
correspond to the additional revenue generated due to the energy steering.

As evident, Groups 1 and 2 derive no revenue from GPPAs. Their revenue is generated through the
EPEX Market, market regulations (SDE + GoOs), and the Imbalance Market. Conversely, Groups 3 and 4
generate revenue from GPPAs. Consequently, their revenue is generated through the same channels as
Groups 1 and 2, with the additional revenue stemming from the GPPA.
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Figure 26: Revenue obtained from each group
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Figure 27 provides an overview of the negative revenue obtained from the EPEX and the Imbalance
Market for each group. This data can be traced back to Table 10, Table 13, Table 16, and Table 19. As
observed, Group 1 experienced more negative revenue than Group 2, mirroring the trend seen
between Group 3 and Group 4. The results obtained in Figure 27 provide an overview of the effect that
energy steering has. To determine the effect of the GPPA, a weighted overview of these results based
on the amount of energy produced needs to be made.
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AND
ING)

€(15,251.85)
€(15,251.85)

Cc
g
Q
P
W O
3
€(4,196 19)5-

n
0
o
!
-
<
o
W

48



By correlating the information from Figure 23 and Figure 27, the negative revenue obtained per MWh
of electricity produced can be determined. This data is presented in Figure 28.
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Figure 28: Negative revenue obtained per MWh production

By comparing Group 1 and Group 3, the financial impact of the GPPA becomes evident. Solar parks
with GPPAs are financially better off by €2.09 per MWh compared to those without GPPAs. When
comparing Group 2 and Group 4, both of which include energy steering hardware, with Group 4 also
incorporating contractual GPPAs, the financial benefit of the solar parks consisting of GPPAs is €1.36
per MWh. The energy loss attributable to the energy steering software accounts for 14.69% of the total
energy in group 2 compared to group 1. While in Group 4 it only accounts for 6.11% of the total energy
compared to Group 3.

The results of this research clearly show that solar parks with GPPAs are less impacted by the
inefficiencies of the Dutch electricity market compared to those without GPPAs. This advantage is
evident both financially and in terms of reduced energy curtailment. In 2023, solar parks with GPPAs
experienced more stable revenue and fewer instances of energy curtailment, as shown by revenue
stemming from the EPEX and Imbalance Market. Consequently, GPPAs provide a significant benefit for
solar park owners by protecting them from the negative effects of market inefficiencies.

Figure 28 also presents the standard deviation within each group. It is evident that the deviation
between Groups 2, 3, and 4 is greater than the deviation between individual solar parks of each group.
However, the deviation between individual solar parks of Group 1 is slightly larger than the deviation
between groups. This deviation is due to one solar park in Group 1, which has high forecast errors
resulting in low EPEX revenues and high imbalance costs. If this solar park were excluded from the
standard deviation calculation, the standard deviation for Group 1 would be 0.81 instead of 2.19.
Therefore, the use of aggregated results is justified.
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6.5 Extraordinary data

Upon examining the data, a notable observation emerged. A significant portion of the negative revenue
obtained from the EPEX Market was allocated to the date 7-2-2023. This raises the question of what
would happen if this day is excluded from the dataset.

This section compares the negative revenue from the EPEX market on July 2, 2023, with the annual
negative revenue. The findings are presented in Figure 29.
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Figure 29: Negative revenue stemming from the EPEX annually vs 2-7-2023

The data for Groups 1 & 2 are the same, the same applies for Groups 3 & 4. This is logical because the
difference between groups does not affect the nomination and therefore the revenue obtained from
the EPEX Market.

For Groups 1 & 2, 33.54% (€ -5,116.07) of the negative revenue obtained from the EPEX market is
attributed to the 2" of July. For Groups 3 & 4, this percentage is even higher, at 45.91% (€ -11,052.01).

My hypothesis is that solar parks with GPPAs are less influenced by market inefficiencies, specifically
Groups 3 & 4 in this research. The negative revenue obtained from the solar parks consisting of GPPAs
can be explained when looking at the date: the 2" of July is a Sunday. On weekends, work-life largely
comes to a standstill, resulting in lower electricity demand from consumers bound by GPPAs. Therefore,
solar parks have a lower concurrency rate with their consumers on weekends and consequently
experience a greater impact from market dynamics.

If this day were a Monday, Groups 3 and 4 would have been less dependent on market dynamics, thus
experiencing a reduced impact from the extreme negative prices on the EPEX market. Additionally, the
negative prices would likely have been less severe due to increased electricity demand.

Given the significant impact of July 2™ on the dataset, it is crucial to consider the implications for the
validation of our findings. Excluding this day might provide insights into how market dynamics behave
under more typical conditions. However, to maintain the generality and robustness of the findings, July
2" is included in the data. Including these data points maintains the dataset's integrity and allows for
the analysis of extreme cases, resulting in a more comprehensive understanding of market behavior
and the impact of specific days on revenue outcomes.
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Including July 2"* acknowledges that outliers and extreme events play a crucial role in understanding
market inefficiencies and their impacts on solar parks with GPPAs. This approach ensures that the
findings remain applicable to real-world scenarios, where such abnormalities can significantly affect
revenue.
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7. Discussion & Conclusions

This chapter presents the conclusions of this thesis, addressing the initially stated research questions.
The results are validated, and their implications on the theory are discussed. Additionally, the chapter
offers concrete recommendations for private companies in this sector and policymakers. Following this,
the limitations of the study are outlined, and suggestions for improvements are provided. Finally, based
on the knowledge and insights gained during this research, recommendations for future research are
offered.

7.1 Answers to the research questions

This research explored how inefficiencies within the Dutch GV electricity market impacted solar parks
with contractual GPPAs, focusing on the EPEX and Imbalance Market. The study assessed the influence
of these inefficiencies through the resulting financial losses and the quantity of energy curtailed. The
analysis specifically considered solar PV parks with contractual GPPAs compared to those without,
emphasizing the financial and curtailed impacts throughout the year 2023.

The study identified several triggers for curtailment in the Dutch energy market. Firstly, the influence
of market regulations was explored. Market regulations played a significant role in the electricity
market. The stricter requirements for new solar park projects under the SDE++ subsidy scheme, which
mandated that the inverter capacity be limited to 50% of the total power of the solar park, resulted in
a 5.43% energy loss compared to previous requirements.

Secondly, both the EPEX and Imbalance Markets exhibited a strong correlation between negative price
intervals during daytime in the spring and summer, aligning with the solar energy generation profile.
This underscored the seasonal and daily patterns of negative price occurrences in the electricity
market.

Lastly, the research revealed a critical imbalance in the Dutch electricity market. Despite persistent
negative prices, electricity generation from fossil gas remained significant, while solar energy
production decreased. This discrepancy underscored a market inefficiency where sustainable energy
generation was curtailed while fossil-fueled electricity persisted. This highlighted the urgent need for
improved market mechanisms aligned with the goals of the energy transition towards renewable
energy sources.

This research benefited from access to unique data sourced from the Dutch electricity market and
specific solar parks, enabling in-depth exploration of how inefficiencies within the market impact solar
parks with GPPAs compared to those without, specifically for the year 2023. This unique data includes
detailed performance metrics and contractual information that are typically not publicly available,
allowing for a more precise analysis. The following results, regarding the financial and energy losses,
detail the impacts on different groups of solar parks due to the inefficiency of the energy market.

The financial results were measured and expressed in negative revenue obtained per MWh production
(€ / MWHh). By comparing Group 1, which comprised solar parks without contractual GPPAs and energy
steering software, and Group 3, which comprised solar parks with contractual GPPAs but without
energy steering software, the financial impact of the GPPA became evident. Solar parks with GPPAs
were less impacted by the inefficiencies of the electricity market, resulting in a financial advantage of
€2.09 per MWh compared to those without GPPAs, representing a 19.12% reduction in financial
impact. When comparing Group 2 and Group 4, both of which included energy steering hardware, with
Group 4 also incorporating contractual GPPAs, the financial benefit for the solar parks with GPPAs was
€1.36 per MWh compared to the group without GPPAs, representing an 18.45% reduction in financial
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impact. The financial reductions are significant, resulting in increased profitability for solar parks with
contractual GPPAs compared to those without. These results underscore the effectiveness of GPPAs in
mitigating the financial risks associated with market inefficiencies in the energy sector.

The energy loss attributable to the energy steering software accounted for 14.69% of the total energy
in Group 2 compared to Group 1. In Group 4, it accounted for only 6.11% of the total energy compared
to Group 3. This represented a relative reduction of 58.4% in curtailed energy, despite both groups
experiencing the same market inefficiencies. This substantial reduction in curtailed energy highlights
how GPPAs effectively mitigate the inefficiencies of the market, enhancing the overall efficiency and
viability of solar energy production despite current market challenges.

After a comprehensive examination, the data revealed a substantial concentration of negative revenue
within the EPEX Market on July 2, 2023, which shed light on the influence of weekend dynamics on
solar park financial performance. Specifically, 33.54% (€ -5,116.07) of negative revenue for Groups 1 &
2 and 45.91% (€ -11,052.01) for Groups 3 & 4 were recorded on that Sunday. The discrepancy in
concurrency rates between solar parks and consumers during weekends, stemming from reduced
electricity demand, emphasized the heightened financial vulnerability to market inefficiencies during
such periods. This finding underscored the importance of implementing strategies to mitigate the
impact of reduced demand and market fluctuations on solar park revenue, particularly on weekends.

7.2 Validation of results

This research breaks new ground by exploring the innovative concept of power procurement based on
simultaneous consumption and production, a topic with minimal academic coverage. It addresses a
significant research gap by analyzing how inefficiencies in the Dutch electricity market in 2023 impact
solar parks with contractual GPPAs compared to those without, thus contributing new insights to the
field.

To ensure the generalizability of the results from this research, they were compared with data from
solar parks equipped with energy steering systems. The comparison showed that both the curtailed
volume and the relative added value are in line with the research findings. This alignment justifies the
use of the small sample sizes of n: 8 (Groups 1 & 2) and n: 10 (Groups 3 & 4), supporting the validity of
the research despite the limited dataset. Therefore, this research holds significance as it provides a
framework where solar-based electricity exhibits reduced reliance on inefficient periods within the
electricity market. Consequently, the volume of curtailed RE has declined.

7.3 Implications of the Theory

The results of this research confirm the theory of an imperfect market, emphasizing the impact of
market regulations on the curtailment threshold for solar energy, which is influenced by the value of
the SDE++ and GVO. The findings neither confirm nor deny the hindering effects of the ENDEX Market
or the technical limitations of the electricity infrastructure. Further research is required to determine
the impact of these factors on the inefficiency of the electricity market. The results of this study
illustrate how electricity pricing on both the EPEX and Imbalance Market is weather-dependent.
Additionally, the theory regarding GPPAs is validated, as solar parks with contractual GPPAs are less
affected by the inefficiency of the electricity market, both financially and in terms of energy
curtailment. These solar parks remain unaffected by market inefficiencies during synchronized
intervals. In cases of electricity surplus, the producer must trade on the DAM, IDM, or Imbalance
Market to manage these fluctuations, leading to uncertainty within GPPAs. The results confirm that a
higher concurrency rate reduces a producer's reliance on market functioning, thereby decreasing
exposure to inefficient periods in the electricity market.
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7.4 Recommendations

The motivation for this research, as stated in the introduction, arises from the pressing need for an
energy transition centered on low-carbon sources and greater reliance on electricity. The findings
underscore that solar parks equipped with GPPAs experience reduced vulnerability to inefficiencies
within the Dutch electricity market, both in terms of financial impacts and curtailment rates. This
increased resilience helps improve the financial performance of solar parks, making them more
attractive investment opportunities. Moreover, GPPAs play a crucial role in mitigating the curtailment
of renewable energy, thereby increasing the share of renewable sources in the overall electricity supply.
In summary, GPPAs decrease greenhouse gas emissions stemming from the energy sector by enhancing
incentives for solar park projects and reducing the curtailment of renewable energy.

The results of this research underscore the importance of adopting contractual GPPAs for solar parks
within the Dutch electricity market. While GPPAs are currently in use, their availability remains limited,
posing a significant barrier. Additionally, another challenge lies in reaching a mutual agreement
between producers and consumers on the traded electricity volume.

The following recommendations for policymakers rely on the findings of this study:
1. Oblige energy trading companies to provide GPPAs for solar asset parks.

The results clearly show that GPPAs experience reduced vulnerability to inefficiencies within the Dutch
electricity market, both in terms of financial impacts and curtailment rates. An increase in the number
of GPPAs will result in a decrease in solar energy curtailment. However, this recommendation may
involve a trade-off: while curtailed RE decreases, the energy grid's balance could diminish. This
imbalance stems from the reduction in easily curtailed energy assets, such as solar parks, thereby
increasing the volatility in the imbalance market.

2. Implement true pricing in the electricity market

My analysis indicates that implementing true pricing will guarantee a positive price for renewable
energy in the EPEX bid ladder, rather than a negative one. True pricing should encompass not just the
cost of emissions but also the expenses linked to maintenance required during energy plant shutdowns
or startups. This approach ensures that fossil energy is only used when the demand for electricity
exceeds the supply from renewables on the EPEX Market. This highlights the growing price difference
between renewable and fossil electricity. Overall, this would increase the price of fossil fuels and
enhance the feasibility of contracting GPPAs for consumers and consequently boost sales.

These two recommendations aim to increase the amount of contractual GPPAs in the Dutch Electricity
Market. An expansion in GPPAs will increase the renewable energy production stemming from solar
parks, thereby reducing greenhouse gas emissions and advancing progress toward the goals of the Paris
Agreement.

For private companies in this sector, such as Groendus, several recommendations are made:
3. Equip all solar assets with energy steering software and hardware.

Based on the financial results from the groups using energy steering, and considering the current
economic landscape, companies with solar assets should equip all their solar parks with energy steering
software and hardware. This will reduce costs and thereby increase profitability. Awareness about this
technology varies among companies, with some unsure about available solutions or providers in the
market.
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4. Contract Green Power Purchase Agreements for all solar assets.

Based on the findings of this research, companies with solar assets should prioritize equipping their
asset base with contractual GPPAs. Given the current economic landscape, energy steering software
emerges as crucial. Therefore, GPPAs not only improve financial performance but also help reduce
curtailed energy, offering a dual benefit of enhanced economic viability and lower curtailment rates. In
the current electricity market, many companies are either unaware of these agreements or do not
know which electricity providers offer them.

5. Contract consumers with a high weekend consumption

The data indicates that extremely negative prices for solar asset production profiles predominantly
occur during the daytime on weekends. Consequently, companies with solar assets can benefit from
contracting consumers who have high consumption profiles over the weekend. Companies in the retail,
hospitality, food service, and entertainment sectors are typically consumers with high weekend
consumption.

7.5 Limitations

The data used for the calculations in this study contains certain shortcomings, requiring several
assumptions in the methodology to derive the results. These limitations will be discussed in the
chronological order of the research process.

Data on solar park production was obtained at 15-minute intervals, leading to the assumption that
energy production is evenly distributed over each interval. In reality, production patterns can vary, such
as instances of high production in the first 5 minutes followed by significantly lower production in the
subsequent 10 minutes, possibly due to cloud cover. This assumption affects the calculation of the
curtailment rate due to stricter SDE subsidy requirements and the simulation of energy steering
software. Real-time data, with its higher accuracy and second-by-second intervals, would mitigate this
issue but was unavailable.

The financial calculations are based on revenue from the EPEX and Imbalance markets, excluding the
Intraday Market because Groendus does not trade on it. Including this market could alter the results,
as it allows for imbalance corrections up to 15 minutes before energy delivery, potentially reducing
imbalance costs for solar park owners.

To determine the effect of energy steering, data from solar parks without energy steering was used to
simulate its effects. This was necessary because actual generation data from solar parks with energy
steering was not yet available for 2023, as its implementation began in July 2023 and has not spanned
a full calendar year. The simulation also assumed evenly distributed energy production over 15-minute
intervals.

The concurrency rate of each solar park within the GPPA group varies, with an average concurrency
rate of 63%. Results may differ if solar parks with different concurrency rates were used. Higher
concurrency rates generally lead to better financial outcomes compared to lower rates. Additionally,
the agreed price between the producer and consumer impacts the financial results.

All results are based on historical data, which does not guarantee future outcomes. The market has
changed significantly during the course of this research. For instance, there were 74 instances of
negative EPEX prices in May 2024 compared to 49 in May 2023, an increase of 51%. The volatility of
the Imbalance Market has also led to substantial negative revenue for solar parks without energy
steering.
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7.6 Suggested improvements

This research could be enhanced through several key improvements. First, utilizing real-time
production data instead of 15-minute interval data would provide more accurate insights. Second,
incorporating trading activities on the Intraday Market would offer a more comprehensive
understanding of market dynamics. It would also allow for imbalance corrections up to 15 minutes
before energy delivery, potentially reducing imbalance costs for solar park owners. Third, using actual
data from solar parks equipped with energy steering software and hardware, rather than relying on
simulations, would provide more reliable results. This would allow for a more precise assessment of
both the allocation and nomination differences in revenue obtained from the EPEX and Imbalance
Markets.

7.7 Future research

Knowledge and insights obtained during this research suggest several promising avenues for future
research.

This research delves into the inefficiency of the market in 2023. As explained, the electricity market is
continuously changing. Therefore, continuous monitoring is essential to understand the impact of
GPPAs in the current economic environment.

Further research is required to determine the impact of both the ENDEX Market and technical
limitations of the electricity infrastructure on the inefficiency of the electricity market. By doing this,
the theory can be confirmed or denied.

Additionally, research into the effects of a consolidated GPPA is needed. In this kind of GPPA, multiple
solar park producers and multiple consumers are bound. The data suggests that this could lead to an
improved concurrency rate for both producers and consumers. Consequently, the performance of the
solar park will improve, leading to a decrease in the impact of market inefficiencies.

The thesis also observed that prohibiting the use of renewable energy sources to balance the electricity
grid in the Imbalance Market could have a significant impact. System designers and policymakers are
advised to investigate the effects of such a prohibition. By ensuring that renewable energy is directly
traded on the EPEX and Intraday markets and is prohibited from participating in the Imbalance Market,
renewable energy will always be utilized. This could make the curtailment of RE an outdated topic.

A solution could be that the correction of imbalances will be facilitated by fossil fuel-driven sources. To
achieve this, TenneT could increase the number of flexible assets in the Frequency Containment
Reserve (FCR), automatic Frequency Restoration Reserve (aFFR), and manual Frequency Restoration
Reserve (mFFR) markets, ensuring efficient management of demand and supply fluctuations under the
Balance Service Provider framework. However, this finding cannot be fully substantiated from the
analysis. While there appears to be merit to this observation, further research is needed to confirm it.
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Appendix A: Results

Solar parks without contractual GPPAs and energy steering software:

Table 20: Allocation, Nomination, and Revenue streams of 8 solar parks

Solar park Allocation (kWh Nomination (kWh) Imbalance Total
1 469,860.27 510,344.22 | € 36,838.52 | € -11,976.63 | € 24,861.88
2 495,954.33 526,914.73 | € 37,602.45 | € -11,514.21 | € 26,088.24
3 274,669.26 297,34451 | € 21,687.82 | € -6,354.21 | € 15,333.60
4 274,451.36 268,420.06 | € 16,594.10 | € -7,591.77 | € 9,002.32
5 258,170.14 284,471.65 | € 20,266.41 | € -6,866.65 | € 13,399.76
6 361,043.77 380,573.07 | € 27,617.90 | € -8,912.12 | € 18,705.77
7 384,676.06 421,834.88 | € 31,465.82 | € -7,803.13 | € 23,662.69
8 582,170.24 625,187.22 | € 42,605.45 | € -13,072.82 | € 29,532.63
Total 3,100,995.43 3,315,090.36 € 234,678.45 € -74,091.55| € 160,586.90
Table 21: Negative revenue of 8 solar parks
Solar park Epex Imbalance

1| € -2,297.98 | € -2,641.53

2| € -2,415.43 | € -3,353.90

3| € -1,258.67 | € -1,479.47

41 € -1,552.35|€ -2,995.35

5|€ -1,306.07 | € -1,397.31

6|€ -1,619.73 | € -2,258.35

71€ -1,733.20 | € -1,628.55

8| € -3,068.42 | € -2,936.23

Total € -15,251.85 | € -18,690.68
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Solar parks equipped with energy steering software but without contractual GPPAs:

Table 22: Allocation , Nomination, and Revenue streams of 8 solar parks with energy steering

Solar park Allocation (kWh) Nomination (kWh) Epex Imbalance  Total
1 411,574.76 510,344.22 | € 36,838.52 | € -3,540.03|€ 33,298.49
2 435,290.64 526,914.73 | € 37,602.45 | € -2,761.53 | € 34,840.92
3 241,427.18 297,34451 | € 21,687.82|€ -1,492.28 |€ 20,195.53
4 234,854.99 268,420.06 | € 16,594.10 | € -1,543.26 | € 15,050.84
5 225,922.81 284,471.65 | € 20,266.41 € -2,12558 | € 18,140.83
6 316,348.24 380,573.07 | € 27,61790|€ -2,439.61|€ 25,178.29
7 268,420.06 421,834.88 | € 31,465.82|€ -1,747.28|€ 29,718.54
8 511,717.90 625,187.22 | € 42,605.45 € -2,826.15|€ 39,779.30

Total 2,645,556.58 3,315,090.36 € 234,678.45 € -18,475.72 | € 216,202.73

Table 23: Negative revenue of 8 solar parks with energy steering

Solar park Epex Imbalance
1| € -2,297.98 | € -604.26
2|€ -2,41543 | € -717.12
3|€ -1,258.67 | € -342.24
4/ € -1,552.35| € -583.13
5|€ -1,306.07 | € -309.80
6|€ -1619.73 | € -529.43
7€ -1,733.20 | € -397.97
8| € -3,068.42|¢€ -712.24

Total € -15,251.85 | € -4,196.19
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Solar parks with contractual GPPAs but lacking energy steering software:

Allocatie (kWh)

Nominatie (kWh)

Table 24: Allocation, Nomination, and GPPA volume of 10 solar parks consisting of GPPAs

GPPA_volume PPA Match

1 779,942.60 866,825.13 578,753.04 74%
2 2,159,842.68 2,207,579.14 1,722,985.68 80%
3 1,768,782.75 1,951,846.38 1,160,036.68 66%
4 494,493.29 546,407.71 275,300.24 56%
5 261,356.52 295,475.41 152,639.72 58%
6 890,396.00 949,434.67 511,700.20 57%
7 436,094.47 472,994.95 110,076.28 25%
8 185,670.30 195,346.36 69,296.40 37%
9 580,065.25 619,295.47 246,599.60 43%
10 1,008,183.20 1,081,460.94 563,355.68 56%
Total 8,564,827.06 9,186,666.14 5,390,743.52
Table 25: Revenue streams of 10 solar parks consisting of GPPAs
Solar park PPA Price /MWh PPA Epex Imbalance Total
1€ 169.20 | € 92,129.20 | € 22,935.87 | € -22,424.12 [ € 92,640.95
2| € 150.00 | € 239,100.16 | € 46,524.38 | € -58,078.34 | € 227,546.20
3| € 162.00 | € 179,490.23 | € 57,241.13 | € -44,922.16 | € 191,809.20
4| € 177.00 | € 46,591.08 | € 20,319.12 | € -13,271.73 € 53,638.47
5| € 170.00 | € 24,674.32 | € 11,225.42 (€ -7,325.70| € 28,574.04
6| € 150.00 | € 73,438.72 | € 32,734.48 | € -19,172.35|€ 87,000.86
7| € 138.50 | € 13,997.04 | € 24,466.54 | € -12,235.60 [ € 26,227.97
8| € 178.00 | € 12,334.76 | € 8,761.49 | € -5,182.25(€ 15,914.00
9| € 118.13 | € 27,892.52 | € 25,139.51 | € -10,242.45|€ 42,789.58
10( € 170.00 | € 91,303.96 | € 39,569.14 | € -25,324.57 | € 105,548.54
Total € 800,951.98 | € 288,917.09 | € -218,179.26 | € 871,689.81
Table 26: Negative revenue of 10 solar parks consisting of GPPAs
Solar park Epex Imbalance
1| € -2,932.02 | € -4,263.86
2| € -552.92 [ € -17,510.50
3| € -6,303.78 | € -8,633.56
4 € -1,645.43 | € -2,702.31
5| € -890.63 [ € -1,277.40
6| € -2,895.52 | € -5,247.39
7| € -2,117.72 | € -2,554.49
8| € -778.29 | € -1,307.77
9| € -2,570.57 | € -2,541.21
10| € -3,383.98 | € -5,709.94
Total € -24,070.86 | € -51,748.42
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Solar parks equipped with both contractual GPPAs and energy steering software:

Table 27: Allocation, Nomination, and GPPA volume of 10 solar parks consisting of GPPAs and energy steering

Allocatie (kWh) Nominatie (kWh) PPA_volume PPA Match
1 740,664.60 866,825.13 578,753.04 78%
2 2,062,614.12 2,207,579.14 1,722,985.68 84%
3 1,672,930.84 1,951,846.38 1,160,036.68 69%
4 461,853.12 546,407.71 275,300.24 60%
5 244,444.77 295,475.41 152,639.72 62%
6 831,252.86 949,434.67 511,700.20 62%
7 386,860.46 472,994.95 110,076.28 28%
8 168,638.92 195,346.36 69,296.40 41%
9 532,823.53 619,295.47 246,599.60 46%
10 939,018.58 1,081,460.94 563,355.68 60%
Total 8,041,101.78 9,186,666.14 5,390,743.52
Table 28: Revenue streams of 10 solar parks consisting of GPPAs and energy steering
Solar park PPA Price /MWh PPA Epex Imbalance Total
1{ € 169.20 | € 92,129.20 | € 22,935.87 [ € -15,967.44 | € 99,097.63
2| € 150.00 | € 239,100.16 | € 46,524.38 | € -41,201.29 | € 244,423.25
3| € 162.00 | € 179,490.23 | € 57,241.13 [ € -30,235.40 | € 206,495.96
4| € 177.00 | € 46,591.08 | € 20,319.12 (€ -8,341.10| € 58,569.10
5| € 170.00 | € 24,674.32 | € 11,225.42| € -4,750.73 | € 31,149.00
6| € 150.00 | € 73,438.72 | € 32,734.48 [€ -9,776.26 | € 96,396.94
7| € 138.50 | € 13,997.04 | € 24,466.54 [ € -4,918.21| € 33,545.36
8| € 178.00 | € 12,334.76 | € 8,761.49| € -3,224.22 |€ 17,872.02
9| € 118.13 [ € 27,892.52 | € 25,139.51 € -3,435.65|€ 49,596.38
10| € 170.00 | € 91,303.96 | € 39,569.14 [ € -14,704.71| € 116,168.39
Total € 800,951.98 | € 288,917.09| -136,555.02 | € 953,314.04

Table 29: Negative revenue of 10 solar parks consisting of GPPAs and energy steering

Solar park Epex Imbalance
1| € -2,932.02 | € -2,085.02
2| € -552.92 | € -9,848.44
3| € -6,303.78 | € -4,164.75
4| € -1,645.43 | € -1,008.77
5| € -890.63 | € -557.51
6| € -2,895.52 | € -2,033.51
7| € -2,117.72 | € -764.50
8| € -778.29 | € -531.27
9| € -2,570.57 | € -991.21
10| € -3,383.98 | € -2,147.88

Total € -24,070.86 | € -24,132.85
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