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Abstract

The climate change is evident and a big contributor to the negative effects of the climate
change is the energy production sector. Therefore, the energy production must shift towards
a more environment friendly mix. Changing our energy sources to mostly renewable energy
sources comes with many challenges. Besides the technical challenges, such as the required
rare earth materials for solar- and wind-energy, the transportation of the electricity and the
concurrency of generation and consumption, economical problems will also arise.

The way the current Dutch electricity market is designed will lead to a drop in electricity
prices on the wholesale market, when the market is penetrated with a high concentration of
renewable energy sources. So the electricity market mechanism needs to be reformed to
have a price determination system better suited for energy sources with low marginal costs.
Furthermore, a capacity remuneration system needs to be implemented to create enough
investment incentive in controllable energy capacity to maintain a high level of security of
supply in the Dutch energy system during the energy transition.

The electricity markets get cleared according to the merit order curve, a mechanism to de-
termine the clearing price and volumes. Since supply bids with the lowest marginal costs get
dispatched first, according to the merit order curve, power plants with higher marginal costs
get pushed out of the market. Therefore, a capacity remuneration mechanism needs to be
added to the market to raise investment incentive in conventional power plants to keep them
operational.

There exist many different forms of capacity remuneration mechanisms, but the strategic
reserve and capacity markets are examined to check which one would work best in the Dutch
energy system. In a strategic reserve a central authority sets the capacity volume, which
will be contracted by an operator. This operator will dispatch the contracted capacity when
needed. Besides the basic version of the strategic reserve, the German and the Swedish
versions of the model are also examined. In a capacity market a central authority determines
the amount of capacity each consumer should acquire through buying capacity credits on the
market. Both the yearly and the forward capacity market designs are delved into.

To determine which capacity remuneration mechanism would deliver the highest level of
security of supply, simulations of the Dutch energy system are run. The simulations were done
using the models AMIRIS and EMLab, which are coupled to give a more accurate represen-
tation of reality. The coupling takes place in the Spine Toolbox, a tool providing a skeleton for
bringing models and data together. The capacity remuneration mechanisms were created in
Python and can be activated as modules in the Spine Toolbox.

The vertices are sketched of the possible future energy scenario of the Netherlands in
2050. These vertices are the so called scenarios, regional governance, national governance,
European CO,-governance and international governance. These scenarios were investigated
to be used as reference. The simulations were run with a scenario in which the energy demand
stays equal and with a scenario where the energy demand descends similar to the interna-
tional governance scenario. The international governance scenario was chosen to base the
simulations on, because the simulations make profit driven decisions, similar to the interna-
tional governance scenario.



iv 0. Abstract

The results of the simulations show that, firstly, without any governmental interference, a
(near) zero-carbon energy system will not be achieved in 2050. Secondly, when running the
energy-only market in a realistic scenario, no shortage hours will occur and the system had
sufficient generation capacity for supplying the demand, even in a "dunkelflaute” scenario.
Thirdly, the basic version of the strategic reserve offered the least costly solution for society for
providing sufficient security of supply, so no significant shortage periods will occur in a realistic
scenario. Finally, the best option for maintaining security of supply in the Netherlands during
the transition to a zero-carbon energy system is the implementation of the yearly capacity
market. Because the yearly capacity market offered sufficient generation capacity to prevent
shortage hours in all scenarios.
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Introduction

The evidence for global warming is growing and so is the need to change our energy produc-
tion to a more environment friendly mix. This has become painfully clear from the recently
published Sixth Assessment report on the physical science basis of the climate change by the
Intergovernmental Panel on Climate Change (IPCC) [1]. Due to human activities the green-
house gas (GHG) concentrations have increased in the atmosphere, which has led to each
of the last four decades being successfully warmer than the preceded decades, with a total
estimated human-caused temperature increase of 1.07°Celsius. This increase of temperature
has led to the global retreat of glaciers, which in turn has led to an increase of the global mean
level of the sea by 0.20 m between 1901 and 2018.

To stop the process of global warming humanity needs to significantly lower its greenhouse
gas emissions. A big contributor to the emission of CO,-equivalent is the energy production
sector [2], large coal- and gas-fired power plants emit a lot of gasses that are harmful to na-
ture. There are multiple solutions to this problem, like carbon capture and storage (CCS), but
the most obvious solution is to shift towards renewable energy sources, like wind and solar
power. According to the UNFCCC Paris agreement [3], which is a legally binding international
treaty on climate change signed by 196 countries in 2015, the global warming must be limited
to well below 2°Celsius. Therefore, the CO,-emissions have to be reduced by at least 55% in
2030 in comparison to 1990 levels.

Lowering the CO,-equivalent emissions so radically is a must to prevent massive natural
disasters and to keep planet Earth a liveable place. However, to reach these very low levels
of emission, the electricity generation sector should undergo a level of decarbonisation be-
tween 96% and 99% before 2050 [4]. This challenge brings more problems with it than most
people will think of at first. Besides the enormous amount of windmills, solar panels and other
renewable energy sources that need to be installed, which will require massive amounts of
rare earth metals, the transportation of the electricity and the concurrency of generation and
consumption will be problematic. These challenges are mostly technological, however, the
high penetration of renewable energy sources (RES) will also impose economical problems.

The economical problems will arise because of the current system of the Dutch electricity
wholesale market, on which electricity suppliers and some large industrial consumers buy their
electricity [5]. On this wholesale market there are multiple factors that play a role in the de-
termination of the electricity price [6]. Besides the supply and demand of electricity, the price
is largely determined by the price of the (fossil) fuels needed to produce the electricity, since
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the fuels make up the largest part of the marginal price. The marginal price of wind and solar
is, however, low or close to zero and as their penetration in the system increases, prices will
become very low. This will reduce the revenues for all generators, which will not only make it
economically less viable for investors to invest in renewable energy sources, but also to keep
investing in generators which might be needed to ensure sufficient capacity in case the wind
is not blowing and the sun is not shining [4]. Investors therefore have increasing concerns
about price volatility and the ability to recover capital and fixed operating costs.

1.1 European electricity market design

The current situation of the electricity system in Europe and its shortcomings has already been
assessed in report D3.5 of the TradeRES project, called "Market design for a reliable ~100%
renewable electricity system” [7]. In this report, the design and regulation of electricity mar-
kets have been analysed and the respects which need to be improved to facilitate a transition
towards a decarbonised electricity system identified.

In the European electricity markets, the local transmission system operator (TSO) is re-
sponsible for maintaining operational security and security of supply in the area, i.e. keeping
the supply and demand balanced in the system at all times. There are several bidding zones
in the European market defined as the geographical areas within the market, in most bidding
zones there is one TSO responsible, so there is no structural congestion. This means the
wholesale electricity prices are uniform within each bidding zone and the electricity can be
traded without needing to consider grid constraints of other zones.

The electricity in the bidding zones can be traded in two ways, either via bilateral over-
the-counter (OTC) contracts or on organised marketplaces (power exchanges). On these
marketplaces the products traded differ not only in size, but also in time horizons. The mar-
kets within the power exchanges are divided into four timeframes; the (physical) forward and
(financial) futures market, the day-ahead market, the intraday market, and the reserve market.
On the forward and futures market, participants can buy or sell long-term products, which en-
ables the participants to hedge long-term price risks. On the day-ahead market the energy one
day prior to delivery can be bought or sold, which offers a certain flexibility to the participants.
The intraday market offers balancing opportunities by closing only one hour prior to delivery.
Finally, if there are still imbalances in the system after the intraday market has closed, TSOs
can activate balancing products, which are procured in reserve markets for example.

1.1.1 Wholesale market design

On the wholesale market usually large amounts of electricity are traded, so active participants
on the market are generally energy suppliers and large (industrial) consumers. The partic-
ipants can actively trade electricity within the wholesale market on the forward and futures
market, the day-ahead market, and the intraday market.

On the forward and futures market buying and selling electricity up to several years before
delivery is enabled. The trades can take place either via bilateral over-the-counter (OTC)
contracts or on the power exchanges, of which the prices are based on expected future spot
prices plus or minus a risk premium.

The day-ahead market (DAM) is the most used and liquid of the three markets. The main
European exchange markets are Nordpool, EPEX and MIBEL, of which EPEX is the one Dutch
buyers and sellers use. On these exchange markets the trading takes place through an implicit



1.1. European electricity market design 3

auction, where an algorithm called EUPHEMIA (Pan-European Hybrid Electricity Market Inte-
gration Algorithm) computes the price and quantity for every hour of the next day. EUPHEMIA
defines the day-ahead flows between bidding zones by computing the price and quantity for
each bidding zone. This is done by considering the system marginal pricing theory and simple
and complex bids from both supply and demand sides. In addition the algorithm takes the
physical constraints of the cross-zonal capacity in account.

Like the DAMs, the intraday market (IDM) involves auctions, however, these take place in
several sessions or continuously. The electricity is either traded using bilateral contracts or,
when it was auctioned, using pay-as-bid schemes.

TSOs need to schedule the real-time operation of the system, for which they consider the
market results of the day-ahead markets, intraday markets and bilateral contracts.

The way the electricity prices on the wholesale market will be determined will change in
the coming years as the market is hit with an increasing penetration of variable renewable
energy sources (VREs). In a power system consisting mostly of conventional power plants,
the generation capacity is more or less fixed. But in a low carbon, high-VRE energy system,
both supply and demand will vary. The formation of electricity prices will be further offset by an
increase in energy storage and demand flexibility. So new forms of flexibility are required from
both suppliers and consumers to ensure security in the high-VRE market system, since the
price of electricity will no longer be determined by the marginal costs of generation in periods
of energy scarcity, but by the marginal willingness to pay of consumers.

This could result in very high prices when there is a scarcity of energy, or even in negative
prices at times when there is very high VRE generation and low demand. When sufficient
energy storage capacity is installed these peaks could be dampened, however, currently the
shortfalls of VRE generation are covered by conventional, fossil fuel-fired, power plants. Stor-
age has, however, still very limited capacity and is not able to deliver energy anymore when
the battery is depleted. While conventional power plants are only limited by their capacity and
the amount of fossil fuels in stock. But the stockpile of fossil fuels of a power plant can be
"recharged” much more quickly than the energy of a battery.

Another way of ensuring security of supply is through demand shifting, however, this op-
poses a challenge. Most consumers can only shift their demand for a timespan of several
hours. Besides, most residential consumers do not have smart electricity meters and so they
do not know when prices are rising, which makes anticipating on energy shortages hard.

These challenges make that the system adequacy is a function of the history of the system.
The amount of loads that are shifted in the past and the state of charge of the energy storage
facilities determine the ability of the supply to meet demand at a given time. Since the trades
on the day-ahead market are only established once every 24 hours, the operation of load
shifting and storage cannot be optimally served.

1.1.2 Need for capacity mechanisms

To ensure sufficient generation capacity in electricity systems, capacity mechanisms could be
implemented as policy instruments. Whereas policies in the past only concerned generation,
in the future their objectives consist of ensuring an optimal balance of variable renewable gen-
eration, controllable generation, storage and demand response, and an optimal combination
between these market-driven investments and network capacity. The objective of these in-
struments in the long-term market is to provide sufficient incentive for adequate investment
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in generation capacity to ensure system adequacy, which is mostly needed due to the risk
of the wholesale market not providing sufficient incentive through long-term contracts with
risk-hedging options. The main cause for the market not being able to provide the sufficient
incentive is the fact that variable renewable generators have very low marginal costs, when
these generators are setting the price the inframarginal rents become close to zero.
Furthermore, the markets not reaching a long-term equilibrium is an issue for conventional
power markets, which causes investment cycles due to the long permitting, construction and
life cycle times of conventional power plants [8]. These investment cycles can be harmful to
society as they can raise electricity prices for consumers as a consequence, due to periods
of under investment. Given the high social costs of scarcity periods, society as a whole is
better off investing a little too much in generation capacity to prevent shortages [9], [10]. This
is, however, not in the interest of the generation companies, as the price of electricity in the
wholesale market might be pushed below the operational costs due to excess capacity.

As long as existing conventional power plants make more money than their variable and
short-term fixed costs, their operation makes economic sense. But this is only the case for
new plants if it is expected their full investment costs can be recovered. So energy generation
companies owning conventional power plants could distort the investment equilibrium during
the energy transition, by stalling investments in renewables to keep the profits of their opera-
tional conventional power plants higher. Therefore, fossil fuel-fired power plants could delay
the introduction of renewable energy sources, as well as introducing the risk of an investment
cycle [11].

However, a new equilibrium may develop on the long-term when the goal of a low-emission
power system has been achieved. In such a scenario the market could respond to supply
shortages better, due to the shorter lead times of installing technologies such as solar PV and
batteries, which will reduce the social impact.

The biggest challenge in this scenario is the weather dependence of the renewable energy
sources. Not only the daily and seasonally weather variations, but mainly the year-on-year
variations. The total annual generation of wind and solar energy can vary significantly as
well as their peak load contribution. If enough renewable generation capacity is installed to
withstand periodic weather extremes, there will be an excess of capacity during most of the
years with average weather conditions. This could cause prices to drop below the price needed
to recover investments during these years. This contributes to the risk investors have to take,
next to the unknown probability of the extreme weather occurrences, which is affected by the
further changing climate. Nevertheless, society expects system adequacy at all times, even
during rare extreme weather events. So investing in excess capacity is, in the perspective of
society, a cheap form of insurance against the much higher costs of possible supply shortages
[9]. For this reason, research is required to determine whether the wholesale market could
offer sufficient investment incentive on the long-term for investors in generation capacity, or
some form of a capacity remuneration mechanism is needed to guarantee this incentive [12].

1.2 Context

This thesis is written as part of the TradeRES project [13]. This project is funded by the EU
framework programme for research and innovation Horizon 2020 and aims to find new market
designs for the European energy market that are economically efficient.

The TradeRES project is called to life with the purpose of developing and testing innovative
electricity market designs that can meet society’s needs of a (near) 100% renewable power
system. The increasing share of VRE sources should be the leading characteristic of the future
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electricity system, this should, however, be supported by a long-term sustainable market de-
sign in which there is enough efficient operational and investment incentive provided for both
renewable energy sources and controllable conventional power plants. This way the market
design should provide security of supply through ensuring generation capacity that can be con-
trolled in an economically efficient way. Finally, the market should prevent extreme electricity
price swings for consumers by allocating the risks in an efficient and socially accepted manner.

1.3 Research questions

During the energy transition the penetration of renewable energy sources in the market will
increase, which leads to concerns about the stability of the energy system and prices of en-
ergy in the future. To respond to the concerns of the investors, this study will investigate if
a reformation of the Dutch electricity market, by adding a capacity mechanism, can resolve
them.

The high penetration of renewable energy sources will lead to an electricity system which is
more dependent on uncontrollable weather conditions. This means "dunkelflaute” scenarios,
a scenario in which there is little sun and wind, while the energy demand is high, could oppose
more of a threat to the stability of the energy system than it is today. Therefore, this thesis will
focus on keeping sufficient incentive for investors to invest in controllable conventional power
plants during the energy transition. In this changing market, conventional power plants will be
needed in periods of electricity scarcity to maintain a certain level of security of supply.

So the main research question that will be answered in this thesis is:

How to maintain security of supply in the Netherlands during the transition
to a zero-carbon energy system?

To get to the answer of the main research question, three supportive research questions
have been established. These questions will be answered by doing an extensive literature
study and simulating models. The established questions are:

1. What is a realistic energy generation scenario for the Netherlands in 20507

Firstly, a realistic expected scenario for the Dutch energy system will be defined, this will
be done by a literature study. Afterwards, the simulations of the Dutch energy system can
be compared to this scenario, to examine if the simulations result in similar scenarios.
Because the outcomes of the simulations will be more useful when they are similar to
the expected energy system scenario.

2. What is the energy shortage at peak times in the realistic energy scenario, when there
is no capacity mechanism in place?

Secondly, the energy shortages at peak times need to be quantified, this means run-
ning the simulations without any form of capacity mechanism in place in a so called
"dunkelflaute” scenario.

3. What is the least costly capacity mechanism for the entire society for providing sufficient
security of supply?

Thirdly, the simulations will be done with the different forms of capacity remuneration
mechanisms in place. From these results can be concluded which capacity mechanism
results in the highest level of security of supply and at what costs to society. The security
of supply will be measured by the installed capacity of controllable energy sources and
the yearly loss of load expectation. The costs to society will be measured by the total
yearly price paid for electricity by consumers.
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1.4 Outline of the thesis

In Chapter 2 the current Dutch electricity market will be elaborated upon. The different ex-
changes within the wholesale electricity market will be described in detail. Next up, Chapter
3 goes in-depth in the need for capacity remuneration mechanisms and four capacity mech-
anisms, which could be implemented in the future Dutch electricity market to possibly attain
system adequacy, will be clarified. In Chapter 4 an overview of the models used for the sim-
ulations to answer the research questions will be given. Chapter 5 will give an overview of
different possible energy scenarios for the Netherlands in 2050. In Chapter 6 the coupling of
the models will be described and how the simulations were set up. This is accompanied by
the description of how power plant data is updated and a baseline scenario is established,
which will be used as input for the simulations. Chapter 7 goes in-depth on the creation of
the different capacity mechanisms in Python. The results of the simulations will be presented
in Chapter 8. Finally, Chapter 9 will conclude the thesis and in Chapter 10 the findings are
discussed, furthermore, potential future work will be described.



Dutch Electricity Market

In this chapter the current Dutch electricity market mechanisms will be explained. Firstly, it
is important to note that this thesis will only focus on the wholesale electricity market. In the
wholesale market the generators of electricity sell to electricity suppliers and (large) industrial
consumers. However, there also exists a market in which the electricity suppliers sell to the
final consumers, called the retail market [14]. But the retail market is not in the focus of this
thesis.

2.1 Wholesale electricity market

The Dutch wholesale electricity market consists of three separate markets; the forward and
futures market, the day-ahead market and the intraday market. An overview of the chrono-
logical sequence and the interaction of market participants can be seen in Figure 2.1. The
different markets will be described in detail in the following sections.
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Figure 2.1: Relation between the different timeframes of the wholesale market [14].
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2.1.1 Trading platforms

The liberalisation of the Dutch electricity market, which started in the 1990s [15], has led to
the creation of energy exchanges. The current energy exchanges in the Netherlands are
the ICE Endex for the forward and futures market and the EPEX SPOT for the day-ahead
and intraday markets. These are internal European energy markets on which the production,
trading, marketing, transmission and supply of electricity is organised for large companies [16].
The European rules define how national markets are linked to the platform and what fair trade
is.

Besides the organised markets, energy can also be traded over-the-counter (OTC), sim-
ilar to financial products. The main difference between OTC contracts and exchange-traded
energy is that the energy traded via the exchange is regulated and standardised according to
the European rules [17]. In an OTC trade there is no involvement of a central authority and
the terms of the transaction are only agreed upon by the involved parties. However, to protect
the off-exchange transaction against counterparty risk it is still possible to register the trade
on the stock exchange [18].

Both forms of energy trading have their own advantages. Trading on the central exchange
increases transparency, which could provide valuable information about trading prices for other
participants on the market, leading to lower transaction costs [19]. On the other hand, OTC
trading offers a high degree of flexibility, which could be used, for example, to hedge custom
defined load profiles. Furthermore, the contractual obligations of OTC trades can be kept
confidential, since only trading volumes registered on a stock exchange are publicly known.

2.1.2 Forward and futures market

On the ICE Endex, the forward and futures market, energy products can be traded for longer
periods of time. Not only the duration of the contract can be several days, weeks, months
or even years, but also the time between signing and fulfilment of the contract. Two types
of contract categories exist within the market, these are the conditional and unconditional
contracts [20]. When a transaction is conditional, e.g. an option, the fulfiiment of the contract
can be enforced by the contracting party, but the party does not have the obligation to do
so. When a transaction is unconditional, e.g. a futures contract, the contract must always be
executed, since both parties have entered a binding obligation by signing the contract. In case
the contract cannot physically be fulfilled, by for example supplying the electricity, a financial
compensation payment must be made.

The foremost reason for companies to trade on the forward and futures market is to hedge
against financial risks [17]. This is, therefore, also extensively done by market participants,
what results in the fact that trading volumes are significantly larger than the day-ahead and
intraday market combined. Electricity suppliers are able to optimise their medium- to long-term
portfolio through trading on this market, by selling energy their power plants will generate in
the future.

In contrast to physical commodities, the price of electricity futures is not based on the
current spot price and cost of storage, but the price is determined by the expected spot price
in the period the energy will be delivered plus or minus a risk premium [21].

2.1.3 Day-ahead market

On the EPEX SPOT short-term energy products can be traded with delivery on the following
day. On this day-ahead market especially individual hours can be traded, instead of the mostly
peak load or base load products traded on the forward and futures market. Therefore, traders
on this market consist for a large part of utilities trying to optimise their portfolio, whether it
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be the supply contracts with their customers or their available generation capacities. Other
participants active on the day-ahead market are large industrial companies attempting to pur-
chase electricity at the best price, or pure traders like banks and market makers, who exploit
the price differences, just as they do on the financial exchange markets. Finally, the TSOs
are also active market participants, as they might need to compensate grid losses or to supply
the expected electricity feed-in from renewable energy sources. The trading volumes on the
day-ahead market are significantly lower than the volumes traded on the forward and futures
market, however, the number of participants in the market is comparable [18].

Auctions

On the EPEX SPOT the trading normally takes place in the framework of a single auction,
but in rare cases a second price auction could take place according to the current rules of
the EPEX SPOT. In the first auction bids can be submitted until 12:00 a.m. on the day before
the electricity physically has to be delivered. On the trading platform bids can be placed for
every of the 24 hours of the next day, since power plants already have most of the required
information to optimise dispatch available at this point for the next day [18].

EUPHEMIA calculates the outcome of the market with its market clearing algorithm after
all bids have been placed and assigns an identical price for each hour to all accepted bids in
the market [16]. The resulting price from the uniform-price-auction is relevant for both the par-
ticipants of the day-ahead market and the traders on the forward and futures market, because
the base or peak spot price forms for a large part the basis of forward and futures contracts.
This price is, furthermore, also used to determine the market premium for renewable energy
sources [18].

In rare cases a second auction can be held, but only when the market is in imbalance after
the first auction or the prices of the first auction are considered abnormal. This could be, for
example, when a single or more hours have a significant different price from the other hours
of the current day [16]. If needed, this second auction will take place immediately after the
first, because the auction results need to be published at 12:42 p.m..

Block bids

Next to the hourly bids, bids can also be submitted in blocks [22]. A block bid is a bid for a
certain number of consecutive hours within a day, which needs to be accepted for all hours
or rejected altogether, this is called an all-or-nothing condition. Block bids can be used to sell
energy for an average price over a pre-defined period of time. This eliminates the risk of single
hourly bids being rejected and therefore partial costs not covered, as a consequence a lower
price could be offered for delivery of energy in consecutive hours. The assurance energy
has been sold for multiple consecutive hours also ensures complementary costs of electricity
generation can be covered, such as start-up costs of power plants [23].

Besides the standard block bids there are two types of smart block bids available on the
market, these are linked and exclusive block bids [16]. Linked block bids are meant to offer
the market participants a way of incorporating the financial and technical constraints. By using
linked blocks the start up costs of a power plant can be offered in the first block and in another
block the fuel costs, for example. Exclusive block bids are meant to pursue different strategies
for a power plant to trade energy within the same delivery day. By using exclusive blocks a
base load generation profile could be offered at a lower price and a peak load profile at a
higher price, for example, but the market rules only allow one of the offers to be executed.

Despite offering a wide range of possibilities to market participants to better reflect their
financial and technical constraints, the use of block bids is still restricted currently on the EPEX
SPOT. This is foremost due to the fact the market clearing algorithm complexity significantly
increases when more block bids are traded [24]. When only blocks bids are traded with an
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all-or-nothing condition and static bid quantities, for example, the market can only be cleared
if the demand and supply volumes exactly match.

Negative prices

Currently it is also possible to place bids with negative prices on the day-ahead market, this
is generally only done in the case of an oversupply. Negative prices lead to more efficient
auction results and provide an increased incentive for investing in flexible system components
and storage options [25]. The occurrence of negative prices is heavily influenced by the pri-
oritisation of the renewable energy sources increasing in the generation mix, which ensures
that fossil fuel-fired power plants primarily have to adjust their generation.

Negative prices may seem counterintuitive, but economically they are very reasonable.
Since electricity storage capacity is very limited and short-term demand relatively inelastic, due
to the majority of household consumers not being able to respond to price signals, electricity
generation must be reduced in order not to compromise grid stability [18].

Power plants could have technical or economic reasons to accept lower or even negative
prices, or lower their generation [26], [27]. Reasons could be, for instance, technical restric-
tions such as slow change speeds or start up costs. A power plant cannot, for example,
immediately return to generation at full capacity after is has been partially or fully shut down. If
high market prices are expected to follow, the power plant operator could, therefore, be willing
to accept losses for a short period of time, if earnings in the subsequent period are expected
to make up these losses.

Other reasons for power plant operators accepting negative prices could be contractual
obligations. Power plants providing negative balancing power or hydroelectricity plants, which
run-of-the-river, for example, must remain in operation [28]. Furthermore, there exist combined
heat and power plants in which the generated electricity is regarded as a by-product and the
main source of income is the supply of heat, used for the heating of buildings or industrial
processes. Interrupting the supply of heat could impose financial penalties higher than the
losses of the negative electricity prices [29].

2.1.4 Intraday market
The intraday market also takes place on the EPEX SPOT and uses the EUPHEMIA algorithm
to carry out the market clearing, but the volumes traded on the market are much smaller
compared to the forward and futures or day-ahead markets. On the intraday market, products
can be traded in between the day-ahead market and the physical gate closure, by which the
point in time is meant at which the system operator no longer permits changes to the schedule
to be submitted [30]. Participants of this market use it especially to make last minute changes
to their schedule, for example when their demand or supply is higher than could be foreseen
when submitting their bids on the day-ahead market at 12:00 a.m. on the previous day.

Trading on the intraday market is continuous, from 4:00 p.m. on the previous day until
closure of the gate. The gate closure time is determined by the TSO, since the schedules need
to be transmitted to the TSO to execute the deliveries. The lead time between the closure of
the intraday market and physical delivery has been reduced in 2011 from 75 minutes to 45
minutes, and again in 2015 to 30 minutes, this was possible due to technical improvements.
Since 2017 it is even permitted to submit trades within an individual control area 5 minutes
before delivery [16]. This enabled a higher resolution of portfolio management for market
participants, which is especially useful for responding to short-term changes in the electricity
production of renewable energy sources.

During the continuous trading on the intraday market trades are immediately carried out
when a corresponding counterpart is found, this enables participants to obtain new information
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constantly [31]. Besides the single hourly contracts it is, since December 2011, also possi-
ble to trade quarter-hourly contracts. This feature was particularly implemented to stimulate
generation from renewable energy sources, such as photovoltaics which can have strong vari-
ations even within the hour. Furthermore, on the intraday market also standardised blocks can
be traded and there is a possibility to trade orders under an execution condition, this means it
is ensured a bid will be either executed immediately or entirely cancelled.

Next to the continuous trading there is also a uniform price auction, this was introduced in
December 2014 to increase the market liquidity [16]. The uniform price auction provides an
initial price signal for the continuous trading by taking place daily at 3:00 p.m., one hour before
the trading on the continuous intraday market opens. On the auction all quarter hours of the
next day can be traded.

2.2 Merit order curve

On the electricity exchange markets the trades will be cleared according to the merit order
curve, a mechanism to determine the clearing price and volumes. The merit order curve is an
aggregation of generation bids to one supply curve, on which the bids are ranked on price in
ascending order. On the left side of the curve are the generation technologies with the lowest
marginal costs, in most cases renewable energy sources can be found here. The expected or-
der of technologies on the merit order curve, corresponding to their increasing marginal costs,
is firstly renewables, secondly nuclear, thirdly coal, followed by gas and lastly are peak plants,
running on for example diesel or gasoline. In Figure 2.2 an illustration of the merit order curve
can be seen.

The market operator also forms a demand curve from the submitted demand bids. The
place where the supply and demand curve intersect determines the market clearing price and
volume. All generating units participating in the market that will be dispatched according to
the merit order curve will receive the market clearing price. On the other hand, the market
participants taking off electricity will all have to pay that clearing price.

When every power plant receives the same price for delivering electricity, it means that
the market clearing power plant receives its marginal costs, while for other dispatched plants
this price is higher than their marginal costs. This difference between the marginal costs of
generators and the clearing price is needed for the power plants to recover fixed generation
costs and is called the inframarginal rent. Thus investing in generation technologies is only
economically viable for investors if the market clearing price is higher than the fixed operating
costs plus the marginal costs of the power plant for most of the time.

The increasing penetration of renewable energy sources on the merit order curve will drive
the market clearing price down, as can be seen in the bottom graph of Figure 2.2. When the
demand stays the same, the generating units with the highest marginal costs will be pushed
out of the market. This makes fossil fuel-fired power plants vulnerable to being pushed out of
the market when the prices of the fuels rise, as they then cannot compete at the lower prices.
Due to the penetration of renewable energy sources the wholesale electricity prices have de-
creased in Europe since the beginning of the energy transition. However, this decrease in
price was not necessarily seen in the energy bill of the end-consumer, because only one-third
of the energy bill is made up by the energy component, the rest is made up by taxes, levies
and network tariffs [32].
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Figure 2.2: lllustration of electricity price fluctuations due to the merit order effect.



Capacity Remuneration Mechanisms

In a future energy scenario, consisting almost only of renewable energy sources, system ad-
equacy is a key issue of concern [33], [34]. When most of the energy is generated by variable
renewable energy sources, investments in controllable power generators is only needed to
maintain balance in the energy system [7]. When the balance cannot be maintained anymore,
a rolling blackout could occur in which not all demand can be served, even when all generators
are producing at maximum capacity and prices going sky-high.

Capacity remuneration mechanisms are generally designed to encourage investments in
such a way generation adequacy will be improved. Via these mechanisms market partici-
pants, that can provide capacity, are offered an income on top of their regular sales on the
electricity markets [35]. The determination of the required capacity quantities that needs to be
supplied and the corresponding capacity prices, however, does vary per mechanism [36]. The
European Commission categorises the capacity mechanisms into volume-based mechanisms
and price-based mechanisms [18]. Volume-based mechanisms set the amount of capacity re-
quired to guarantee a certain level of generation adequacy, for which the price is determined
in a market. Price-based mechanisms set a target price and the amount of capacity that will
be procured is steered by this price.

A range of capacity mechanisms could be implemented, such as strategic reserves, ca-
pacity markets and capacity subscriptions. None of these capacity mechanisms does have a
standard form, but a large number of design options creating a continuum of options between
the named main types.

One thing that needs to be determined when evaluating the different capacity mechanisms
is how to value the contribution to system adequacy. For the valuation of capacity the Value
of Lost Load (VoLL) can be defined, this is the price consumers are willing to pay to prevent
their electricity supply being interrupted during blackouts. Due to technological advancements
it becomes increasingly possible to differentiate the provided security of supply to consumers
and system adequacy can be turned from a public into a private good [37]. This has as a
consequence that consumers which are flexible with their demand can choose to pay less.
However, none of the named capacity mechanisms are currently capable of including com-
mercially operated storage facilities, which can be used during shortages, so all mechanisms
still need to be innovated further before they can be implemented in a fully renewable energy
system [7]. On the other hand, the aim of all the models is the same, which is to ensure in-
vestors of efficient valuations so they can successfully recover all components of their costs
and enter and leave the market in the optimum amounts and at the appropriate time, this will
be provided by sufficient prices for energy and capacity [38].

13
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Furthermore, there is still no real practical experience of implemented capacity mecha-
nisms in European near zero emission energy markets. This means, to determine which
capacity mechanism will work best for the future Dutch energy system, models have to be
simulated, instead of doing a survey of already existing capacity mechanisms.

In this chapter different forms of capacity remuneration mechanisms will be investigated.
Firstly, the energy-only market will be explained, of which the question still lingers whether it
will be capable of providing sufficient system adequacy. Next up, a couple of capacity mech-
anisms, which could be implemented in the future Dutch electricity market to possibly attain
system adequacy, will be clarified.

3.1 Energy-only market

Energy-only markets are a form of price-based capacity mechanisms. In an energy-only mar-
ket generators need to recover their operating and fixed costs exclusively through the electric-
ity prices on the market and, in some cases, through paid ancillary services. Since there is no
system in place providing payments for capacity services of generators, their only income is
through electricity trading on the wholesale market [39]. Most of the time generation capacity
in the market will be sufficient to meet demand and the price of electricity will be determined
according to the merit order on the wholesale market. During times the market price is above
the operating costs of the power plant, it is able to recover inframarginal rents, which can be
used to cover fixed costs, in addition to recovering its operational costs [38].

During times of generation scarcity the market price will rise, in a normal market opera-
tion. In (almost) any other market the market will always clear when demand exceeds supply
and prices are rising, however, in an electricity market it would result in prices rising without
a limit. This is due to the fact that most of the demand is very inelastic, typically only large
consumers have real-time electricity meters and can interrupt their demand, but the average
household consumer is not able to respond to the market. To protect consumers from suppli-
ers exercising market power, the energy price is capped [40]. The VoLL reflects the average
price consumers are willing to pay for their electricity consumption, so if the electricity price is
capped by the regulator at the VoLL, the market will achieve the second-best outcome.

Investors will react to the VoLL by building additional capacity until the market reaches the
point where the costs of building an extra MW of capacity are equal to the VoLL earnings during
periods of blackouts. So when the VoLL times the expected duration of blackouts equals the
investment costs of the last MW of capacity, investment stops. However, this VoLL x duration
is actually the price average consumers are willing to pay for serving a load that would have
gone unserved. This means the value for consumers of an extra MW of capacity only declines
beyond this point, so capacity becomes less valuable as the system becomes more reliable
[40]. As a result the market only builds the second-best “optimal” amount of capacity when it
is led by the VoLL pricing rule [41], [42].

In theory, if the VoLL can be determined accurately, a well designed energy-only market
could avoid forcing all customers to pay a high price for system adequacy, irrespective of the
value they place on that level of reliability [43]. One problem with this approach is the dif-
ficulty of estimating the VoLL. Since most consumers cannot react to electricity prices and
be individually interrupted, because the electricity flow going to individual customers cannot
be controlled by system operators, the market has hardly any access currently to information
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how customers value reliability. Only for large consumers with real-time meters, of which the
electricity flow can be interrupted, can the VoLL be determined [42].

Since the market prices will be capped in a real energy market, due to extreme prices being
deemed politically unacceptable, the high prices during energy scarcity periods necessary to
provide sufficient incentive for investments will likely be avoided. If the prices are capped too
low, the market will not be able to recover investment costs, which will lead to the "missing
money” problem [44]. The proper operation of energy-only markets will likely be prevented by
the poor understanding of politicians, general public and industry.

A well functioning energy-only market will only be possible in predictable and stable sit-
uations in which market participants can make timely decisions about new investments [38].
However, energy-only markets always have a risk of not having sufficient installed capacity,
leading to blackouts, due to the markets not being able to provide any guarantee that sufficient
capacity will be installed as long as there is no security investments will be covered by high
prices during energy scarcity periods [43].

3.2 Strategic reserve

A strategic reserve is a form of volume-based capacity mechanisms, of which the volume is
set by the central authority, and can be implemented alongside an energy market. In a strate-
gic reserve a certain back-up generation capacity is established and directly contracted by
the system operator. This capacity is a small portion of the generator’s total capacity, which
will provide an additional reserve that can be dispatched by the system operator. Only when
all other available capacity in the market is already operating and the market response is in-
sufficient to meet all demand, then the capacity in the strategic reserve can be called upon
by the system operator [38]. The reduced available capacity should lead to a price increase,
which should incentivise new investments. This will lead to the available capacity on the mar-
ket reaching similar levels as before, after a certain time, plus a certain amount of additional
reserve [45].

Generally the system operator determines the amount of capacity which should be sepa-
rated from the wholesale market and stand available as strategic reserve. The needed capac-
ity is then also procured by the system operator, either via auction-based mechanisms, which
is typically the case, or via bilateral negotiations and contracts. The generators then get a fixed
payment through the strategic reserve mechanism, providing them with a certain income and a
compensation for not being able to sell electricity from that part of their capacity on the whole-
sale market. Thus when the generators are dispatched, their marginal costs of generation are
paid by the system operator and the system operator will keep the profits when the reserve is
dispatched. These profits should cover the fixed costs of the strategic reserve to the system
operator, however, the operator takes the financial risk of keeping the commissioned strategic
reserve available. If the operator is unable to recover all of the expenses of the strategic re-
serve, the operator will socialise the remaining costs as part of the network or system tariffs [8].

The price paid for the capacity can be determined in two ways, either via a fixed strike price
or via a strike price equal to the highest supply bid plus potentially a mark-up.

In the setting of a fixed strike price, all market participants know in advance above what
predetermined strike price the strategic reserve will start operating. So, whenever there is a
period of energy scarcity and the day-ahead prices rise above the strike price, the strategic
reserve will be activated. This means that the set strike price should, in theory, be higher than
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a potential competitive bid in the energy market, because otherwise flexible demand offering
to reduce consumption during scarcity could be ruled out. But the set strike price should also
be lower than the VoLL, since it would make more sense from an economic point of view to
shed loads instead of activating the strategic reserve when prices are higher than the VoLL.

When the strike price is set equal to the highest supply bid in the market plus a potential
mark-up, it is guaranteed that market-based solutions to the energy scarcity will not be over-
ruled by the strategic reserve. This is because the price of the strategic reserve is set equal
to the highest bid in the market, which is the bid on the last commercial unit that is being dis-
patched [38].

On the short-term a strategic reserve is not very efficient. On the other hand, on long-term
investments a strategic reserve could have a "slippery slope” effect, which means generation
units that are still marginally profitable try to become eligible for strategic reserves by claiming
they plan to decommission. Furthermore, when the strike price is set too low the strategic
reserve results in a reduced investment in the energy market, because a low strike price es-
sentially means a low price cap. This results in an unstable mechanism for the long-term that
leads to the system operator having to manage all capacity [46]. By keeping the prices low
and reducing the price volatility, a strategic reserve could prevent a provision of incentive for
the investment in development and deployment of new generator technologies, which could
be more efficient than the current generators that are kept alive through the mechanism [47].
The more polluting power plants, which should normally be dismantled, could be supported
by the distorted merit order. This phenomena is called "the dismantling paradox” [8].

On the other hand, a strategic reserve has relatively limited impact on the operation of
the wholesale market on the short-term. Since a strategic reserve adds a new product and
segment to the market, it does not directly impact the market, which makes the introduction
of this mechanism relatively easy, as well as the regulatory reversion. When the regulator
expects the generation capacity to be sufficient to sustain reliability on the long-term in the
power system, the strategic reserve can be phased out with enough notice time for investors
to prepare for re-entering the wholesale market.

A strategic reserve will not provide the highest level of economic efficiency, but will secure
a certain level of installed capacity. By withdrawing generation capacity from the market and
only dispatching this capacity when all other capacity is in use, the power plants are withheld
from getting the market price if this is above their marginal costs. So the most economically
efficient dispatch according to the merit order will in many situations not be maintained. How-
ever, if security of supply is the top priority, the economic inefficiency does not have to be a
major issue.

Both Germany and Sweden already have a strategic reserve mechanism in place in their
electricity markets, but both mechanisms differ in their characteristics. In the following sections
will be described how both mechanisms are characterised and how they differ from the basic
strategic reserve model and from each other.

3.2.1 German strategic reserve

In the German strategic reserve model only conventional power plants can participate [48].
Because the model aims to support the least profitable power plants, with the highest costs per
MWh, the model has some strict conditions for plants entering the strategic reserve. If a plant
wants to be contracted into the strategic reserve it is, in all probability, not profitable anymore.
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Therefore, when a plant has entered the strategic reserve, it is not allowed to leave until the
end of its lifetime and can never return to the normal electricity spot market. Furthermore, if a
power plants gets contracted into the strategic reserve, it has to be decommissioned within a
couple of years, because it is economically not interesting to keep loss making power plants
alive for too long. This feature of the German strategic reserve model automatically tackles
the dismantling paradox.

3.2.2 Swedish strategic reserve

The Swedish model for the strategic reserve has stricter environmental rules, which allow only
renewable power plants to enter the strategic reserve [48]. In the basic and German strategic
reserve models power plants with the highest costs per MWh will be contracted first, however,
in the Swedish model the power plants with the lowest costs get accepted first. Furthermore,
the model only considers the variable costs of the power plants when ordering the bids. Unlike
the German model, the Swedish strategic reserve model only offers contracts for one year, so
power plants have to be re-accepted into the reserve every year. This also means the power
plants in the Swedish model do not have to be decommissioned at the end of the contracted
period.

3.3 Capacity market

A capacity market is a volume-based capacity mechanism. The term "capacity market” can
be used for various designs of capacity mechanisms, since it generally does not describe one
specific model. However, in this report the term is used for the market where participants with
a capacity deficit can buy capacity credits through a market from participants with a surplus.
Large electricity consumers and parties representing the smaller consumers are obligated to
buy capacity credits on the capacity market, of which the quantity corresponds to an equiv-
alent of their expected peak demand plus a reserve margin. The reserve margin is meant
to ensure generation capacity and more stable electricity prices, by providing a stronger and
earlier investment signal [8]. These credits can be traded either via an auction or via bilateral
trades between a producer and a consumer [40].

The capacity credits available on the capacity market can be seen as capacity obligations,
which are necessary to ensure system adequacy. A central authority determines the total
amount of capacity that should be made available in the market, then the load serving entities
(LSEs) are obliged to procure their portion of the total capacity in the capacity market. It is
expected the LSEs pass their procuring costs on to their customers. The credits which are
traded in the market could also be obtained through demand side response, besides the ob-
vious generation capacity. For these obligations a specific timeframe is set, that could range
from daily to seasonally to annually, and may be locational [38].

The amount of capacity sold through the capacity credits must be made available at the
time of the peak demand per obligation period. These peak times could be, for example, a
seasonal peak in the summer or winter. The volume of the traded capacity is, therefore, de-
pendent on expected weather conditions, not only from the demand side, but also from the
generation side. If an LSE cannot meet its obligation, penalties will be applied, whose strength
will have a large impact on the investment incentive created by the mechanism. This effect is
comparable to the price cap applied in energy-only markets.

By clearly defining the required capacity volume a capacity market can ensure system ad-
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equacy through the obligations. The investment incentive for the long-term can be assured
through adequate penalties for LSEs not meeting their obligations. Furthermore, the respon-
sible party for procuring the capacity is defined and the mechanism to assign capacity.

Two capacity markets are defined and will be elaborated in the following sections. These
are the yearly capacity market and the forward capacity market [8].

3.3.1 Yearly capacity market
In a yearly capacity market auctions are conducted annually for capacity credits for the fol-
lowing year. This form of capacity market has a relative simple design. In the yearly capacity
market unforced capacity is offered by generators and the system operator contracts capacity
on behalf of LSEs, which makes consumers participate automatically. The LSEs are then ob-
ligated to buy an amount of capacity credits corresponding to the minimum unforced capacity
assigned to them by the system operator. Consumers can react to their seasonally capacity
needs via the capability period auctions. There are two capability periods in each year, the
summer and the winter capability period.

The annual auctions are cleared by a sloping demand curve, which reduces price volatility
by providing more predictable revenues to generators and lower costs for consumers [49].
The amount of capacity credits LSEs are forced to purchase are determined by the product of
the Installed Reserve Margin (IRM) and the forecasted peak demand. The IRM is calculated
by the regulator, which tries to achieve a loss of load expectation of once in 10 years. When
the market is cleared, the generation units clearing the capacity market are paid the market-
clearing price.

This form of capacity market has already been implemented by the New York Independent
System Operator (NYISO) in the United States [50].

3.3.2 Forward capacity market

In a forward capacity market capacity credits are auctioned for the following year or a few years
in the future. The amount of capacity that must be available on the market in a future year is
determined by the amount of capacity that clears the market in the current year. This means
every generation unit can participate in the capacity market if they expect to be available in
the reference year, regardless of whether they already exist or are being built now.

The period of the signed contract is dependent on the state of the power plant, only new
and refurbished plants are provided with long-term contracts, existing plants can only get a
one-year contract at a time. New plants are awarded with 15-year contracts and refurbished
plants may obtain 3-year contracts. Power plant operators may not participate in the capac-
ity market for the duration of their contact, however, after the long-term contract they may
participate in the market again as existing capacity and are eligible for one-year contracts.
Renewable energy plants receiving supportive subsidies are not eligible to participate in the
capacity market.

The price the generators receive for clearing the market is the current capacity market-
clearing price, in case of a one-year contract. When a long-term contract is signed the gen-
erators will receive payments for the period of the long-term contract at a price fixed at the
current year’s market-clearing price.

This form of capacity market has already been implemented in the United Kingdom as part
of their Electricity Market Reforms policy.
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3.4 Capacity subscription

A capacity subscription is again a volume-based capacity mechanism, but it is fundamentally
different from the other models [38]. A capacity subscription model is the only mechanism in
which customers determine the amount of capacity they wish to procure themselves. This can
be technically made possible through the use of Load Limiting Devices (LLDs), which act as
a controllable fuse that gets activated when there is a shortage of capacity in the system. An
LLD can be implemented as an extended functionality of a smart meter. In normal conditions
the LLD will be inactive, since capacity will not be constrained in the power system, but during
scarcity conditions the LLD can be activated by the system operator to limit the consumer’s
demand to the level of capacity the consumer is subscribed to. For the capacity subscription
mechanism to work properly it is necessary each consumer’s demand can be limited by an
LLD.

Since the consumers are themselves responsible for procuring enough capacity, it be-
comes very important the consumers have enough information to determine the right amount
for their needs. The consumers need to know the height of their own peak demand and by how
much they are willing to lower it, at the cost of what comfort, if the capacity price becomes too
high. In this decision process present technologies, such as websites and apps, can provide
the consumers with support based on a few key inputs about demand.

When a consumer’s demand exceeds its subscribed capacity there are two ways the ca-
pacity subscription mechanism can exercise its power. Either the LLD gets activated and
disconnects the consumer, which means the consumer is then without electricity until demand
is reduced and the LLD resets. By connecting or integrating the LLD with a smart controller,
the demand of the consumer could be kept below the limit whenever the LLD is activated.
Or the consumer could get financially penalised for exceeding its limit. Instead of limiting the
consumer’s demand, a (very) high price will be accounted to the consumer when its demand
exceeds its subscribed capacity.

To trade capacity subscriptions a market needs to be established. On this market, produc-
ers are able to offer their available capacity during scarcity conditions and consumers are able
to buy subscriptions to capacity, either directly or through intermediaries. When the LLDs get
activated producers should be obliged to deliver the amount of capacity equal to the subscrip-
tions they have sold. If the producers are not able to provide the contracted capacity during
scarcity situations they will be penalised to prevent free riding. When the capacity subscrip-
tion mechanism is implemented correctly, a sufficient level of capacity to supply the subscribed
load should be ensured. Due to competition on the market the capacity prices should be low
in case of plentiful supply of capacity. However, when capacity supply is scarce, prices will
rise and consumers will be forced to look for alternatives, like storage. This system is eco-
nomically attractive, because it turns quality of supply into a private good instead of a public
good, matching demand and supply in an optimal way [51].

3.5 Incentives versus control

There exist more forms of capacity remuneration mechanisms, but the proposed four are nicely
distributed when they are placed on a graph showing the relation between the reliance upon
financial incentives and the control over capacity reliability of the mechanisms. Figure 3.1
shows the reliance upon financial incentives versus control over reliability relation of the four
proposed mechanisms, or it can be called the relation between prices and quantities.
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Figure 3.1: Financial incentives versus the control of the different capacity mechanisms.

The four proposed capacity remuneration mechanisms all have their own distinctive fea-
tures, but in all four mechanisms the recurring theme is that the effectiveness of the capacity
reliability improvements heavily depend on the investment signal that is sent to the market.

An energy-only market will not provide security of supply, unless investors are guaranteed
to earn sufficiently high prices during scarcity periods to cover investments. On the contrary,
in a capacity market the security of supply is guaranteed through the capacity obligations, but
not whether the investors will be able to recover their investments in the capacity.

A strategic reserve will turn reliability into a public good. By adding an extra volume of gen-
erating capacity to the reserve the reliability will be improved, this gives direct control over the
security of supply to the operator. Consumers will pay for the strategic reserve, for example,
through an excise tax on electricity, which makes them expect to benefit from the increased se-
curity of supply. However, in a decentralised, interconnected market, scarcity in neighbouring
systems could lead to high prices in the system at hand, but there is no possibility for system
operators to direct the electricity to its own system. This means there still could be scenarios
in which the consumers would be let down and the strategic reserve is not effective, but these
are the risks of such a public good [52].

On the other hand, a capacity subscription turns reliability into a private good. The capacity
subscription mechanism has as advantages that it provides an incentive for consumers to limit
their peak demand and it produces a clear signal for the amount of capacity the consumers
reliably wish to have available. Furthermore, the mechanism turns reliable capacity into a
product with a steady revenue stream for power plant operators, in contrast to an energy-only
market, which turns capacity into a speculative investment [52].

So the four proposed capacity remuneration mechanisms cover all the vertices of the play-
ing field on the spectrum of capacity price versus available quantities. As a result, by imple-
menting these mechanisms in models and running those simulations for the electricity system
in the future, a correct conclusion can be drawn about which capacity remuneration mecha-
nism would work best in the Dutch energy system.



Models

To simulate different energy market scenarios models have to be used. There are certain chal-
lenges to creating a model that needs to run an accurate simulation of the complex energy
generation and trading system. Since there are many different entities active in the system
with each their own behaviour, a central controller would not suffice. Each entity needs to be
modelled according to its behaviour and should be able to effect other entities in its environ-
ment with the decisions it makes. Therefore, the model should be run in a step-wise manner,
so at every step the new decision to be taken by the entities can be influenced by the outcome
of the previous actions taken.

There are many different kinds of models available, like optimisation, equilibrium or agent-
based models. The challenges mentioned above can best be solved using an agent-based
modelling (ABM) approach, this approach found its origin in the field of artificial intelligence, but
has since been used to model complex systems in the economic and energy system domains,
amongst other domains [53]. The model approach uses actors of which the interrelationships
and their influences on their environment form the basis of the modelling [54]. This approach
enables the description of complex relations between entities within the system, which is done
through a set of attributes, behavioural rules and their effects on behaviour of other entities
in the environment, and an environment itself [55]. The model allows for the relationships to
develop through an evolutionary path, since the analysis has a step by step execution [56].
The data is saved at every step so the evolutionary behavioural changes can be traced back
to specific events happening in the simulated timeframe.

Because of these characteristics of agent-based models, they are particularly suitable to
simulate complex systems, in which multiple actors behave in an autonomous way. The sys-
tem evolves in a bottom-up mechanism, which means the behaviour is not centrally deter-
mined. This bottom-up evolvement follows from the individual actions taken by entities in the
system, which leads to a complex system with emergent structures [57]. Agent-based models
do not assume the power sector to be in a long-term equilibrium, which, on the contrary, is
done in optimisation or equilibrium models [58].

Agent-based models are proven to be adequate to analyse the complex electricity grids and
markets [59], [60], so it can be seen as an adequate testbed for analysing innovative concepts
and paradigms within these fields of study. There are three main advantages associated with
the general ABM approach, these are [61];

* Ability to capture emergent phenomena.

21
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Interactions between individual entities can lead to emergent phenomena; the whole
is more than the sum of its parts. These phenomena can only be observed when the
individual entities can exercise their own behaviour and influence other entities through
interactions that will lead to properties that are decoupled from the properties of the single
entity.

* Ability to provide natural description of the system.

By looking at a process from the viewpoint of a single entity inside of the system, instead
of looking at it from top down, the model leads to a more natural description of the system.
Simulating the behaviour of the single entities will create a model closer to reality than
trying to come up with equations that govern the dynamics of the entire system.

* Ability to offer flexibility.

The ABM approach is flexible along multiple dimensions. Firstly, it is possible to add
more agents to the model. Secondly, the complexity of the agents can be tuned. Thirdly,
the levels of description and aggregation of the agents can be edited.

The models that will be used to analyse the effects in the development of power plants
and the energy market are the Energy Modelling Laboratory (EMLab) and AMIRIS. These two
will be used together to increase the accuracy of the outcomes. The models will be further
explained in the following sections.

4.1 Energy Modelling Laboratory (EMLab)

EMLab is a model developed by the Technical University of Delft at the faculty of Technology,
Policy and Management [62]. It was developed to study the long-term effects of interacting
energy and climate policies. The model is supposed to simulate evolving energy infrastructure
systems, which should aid in the strategic decision-making of public and private actors in the
electricity generation sector. By simulating power companies investing in generation capacity,
the model should help to anticipate what effects certain decisions will have on the long term
[63]. Since it is an agent-based model, the heterogeneity of actors can be explored, as well
as imperfect expectations, consequences and investment behaviour in non-ideal conditions
[64]. The model offers a new way of modelling policy effects in electricity markets, by providing
insight in the behaviour of the actors and the system over time.

4.1.1 Model concept

The EMLab model is able to capture uncertainties by modelling the explicit policy and ex-
ploration of transition pathways [58]. The core of the model can simulate processes of the
electricity sector, investments and dismantling on the long-term, while being specific enough
to show results within short-term processes, such as market clearing and dispatch [63]. The
simulation of the long-term processes is enabled by the use of a model within a model, this
method can asses the profitability of investments in plant capacities on a business perspec-
tive. The model does this by forecasting the merit order of the electricity prices in future years
and analysing the net present values (NPV) for every generation type. Since it assumes the
power sector is not in a long-term equilibrium, it is possible the agents operating in the system
do not have a perfect foresight and can make bad investments or errors. This makes for a
system that is in constant flow and a power plant capacity mix evolving through the time steps
of the simulation.
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4.1.2 Model overview

The EMLab model consist of two interconnected electricity markets, which could be two coun-
tries such as the Netherlands and Germany, that are linked trough an interconnector [64].
The modelled agents acting in the system are the power generation companies, these agents
can bid on energy and invest in power plants. The investments could be in various genera-
tion technologies and are based on the prospective NPV of the investments in power plants.
Monte-Carlo simulations are enabled in the model by reducing the simulation time, through
representing load as a load-duration curve that is divided into segments.

The overview of the model structure can be seen in Figure 4.1. Looking at the structure, it
can be seen that at the start of a simulation a scenario has to be chosen. In the scenario the
active agents, behaviour, data, exogenous variables and policies have to be selected. The
model iterates with steps through the simulation, controlled by the time controller. Every step
the behaviour of the agents will be determined, categorised in three different time scales. On
the short-term scale the fuel mix, market coupling and dispatch of generators will be deter-
mined. On the medium-term scale the dispatch plan of the power plants will be determined
and the CO, auction and electricity spot market will be cleared, as well as the fuel markets. On
the long-term scale long-term electricity contracts will be signed between agents and agents
will decide to invest in new generation capacity or dismantle a part of their generation capacity.

4.1.3 Input

The inputs which can be given in the EMLab model determine the scenario. In the following
list all inputs that can be changed are given. These inputs can be configured in multiple Excel
files.

» The length of the simulation (in years)

* Whether CO, emissions trading is implemented

* Electricity demand growth

 Fuel price trends

* Whether there are one or two countries/markets, possibly also the interconnector capac-
ity (in MW)

* The load demand curve for each country

» Power generation company agents and their properties and preferences

* A CO, tax, how the CO, cap changes over time and a minimum CO,-price

» The properties for power generating technologies and how they change over time
» Power plants at the start of the simulation

4.1.4 Model mechanics

In the EMLab model two electricity markets are interconnected through an interconnector. The
main agents in the model are the various power generation companies. The power compa-
nies bid on power and they invest in various technologies based on the NPV of prospective
power plant investments, which are based on scenarios from the IEA World Energy Outlook
2011. The demand load in the model is represented as a load-duration curve, which has to be
defined as an input. The load-duration curve is divided into 20 segments to reduce simulation
time and thus enabling to do Monte-Carlo simulations of the entire model.
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Figure 4.1: Overview of the EMLab model structure [64].

In the model, energy producers are modelled as separate agents, so they are able to make
their own decisions on investments. The agents influence each other with the investment de-
cisions they make, because they interact through the market. The decisions of all agents
combined form the system-wide developments and performance. This is because the elec-
tricity prices in the market are influenced by the bids of the participants, which in turn are based
on their generation portfolio, which is something that follows from their investment decisions

[65].
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4.2 AMIRIS

AMIRIS (Agentenbasiertes Modell zur Integration Regenerativer In den Strommarkt / Agent-
based Market model for the Investigation of Renewable and Integrated energy Systems) is a
model developed by the German Aerospace Center (Deutsches Zentrum fur Luft- und Raum-
fahrt (DLR)) [57]. The model was developed to analyse the adequacy of energy policy and
remuneration instruments and to evaluate their impact on the market actors involved in the
system on both micro- and macrolevel. Specifically the effects of policy schemes on the in-
tegration of renewable energy sources and flexibility options in the electricity system can be
simulated using the model. By modelling the actors on a micro-level the model tries to reflect
reality more adequately than the conventional equilibrium models based on classical economic
theory [66].

4.2.1 Model concept

The AMIRIS model is able to model the micro-behaviour and economic successes of the actors
in the complex system. By simulating the interactions between the different entities, such as
power plant operators and marketeers, their successes can be determined on micro level [58].
The actions on micro level will have an impact on the macro level of the system through the
bottom-up structure. This enables the assessment of policies on renewable energy expansion
goals and whether they can be achieved by implementing certain policies or market designs.
The economic successes of the agents active in the market can be monitored through the
development of the electricity prices, which is a central variable.

4.2.2 Model overview

The AMIRIS model consists of differently prototyped intermediaries that are able to contract
renewable energy plant operators and to accomodate their generated energy to the electric-
ity markets or sell it directly to customers [66]. These intermediaries are central figures in
the overview of the model depicted in Figure 4.2. There is a techno-economic regime that
constraints the decision making of the actors by encompassing all available technologies
in the energy system and their costs [67]. The interactions between the actors are coordi-
nated by mechanisms such as the spot market and the control energy market. The regulatory
framework influences these system elements by influencing the remuneration mechanisms
and feed-in tariffs, for example.

Every iteration step the model calculates the electricity prices, power plant dispatch plans,
the market values, emissions and system costs. Before running the simulation the scenario
has to be specified with external data. This data consists of feed-in of renewables, the tem-
perature, the balance energy price, marginal costs of conventional generators and the load
demand curve.

The AMIRIS model only considers a single country in the simulation, which is Germany by
default. However, in the model the module of the day-ahead market is connected to a market
coupling agent. This agent makes it possible to import and export electricity in the modelled
country.
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Figure 4.2: Overview of the conceptual framework of the AMIRIS model [57].

4.2.3 Input

To run a complete simulation of AMIRIS input data files have to be passed to the program
code. There is an input data file that determines the scenario and an agent configuration file
that parametrises the agents in the simulation [67]. The variables that are needed for the
model are:

» Capacity per generation technology

* Generation potential for renewable technologies

* Load demand curve

* Prices for coal, gas, oil and CO, in the form of time series

» Efficiencies of power plants

* Average sizes of power plants

» The markups on top of the marginal bids of each power plant (minimum and maximum)
* Unavailability of power plants (planned and unplanned)

* Potential of load demand shedding

4.2.4 Model mechanics

To get results the model needs to process the input data, the structure in which AMIRIS oper-
ates is depicted in Figure 4.3. In the model the decisions of the active actors will be simulated
in an hourly resolution.

The central mechanism in the model simulates the competitive bidding on the electricity
market, which results in the electricity market prices and the dispatch plans for the power
plants consequently. The market price is not determined per power plant in the model, but
per technology. The individual power plants are parametrised inside of the technology class
as their average size. A power plant operator agent implements the technology class and is
linked to a trader agent, who can offer the available generation capacity of the power plant
on the wholesale market in the form of a bid. The power plant operators are able to add a
certain markup or markdown to the bid, when a certain technology receives feed-in tariffs for
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example. The trader agent can instruct the power plant to produce the amount of sold elec-
tricity. Contracts in the form of exchange objects take care of the communication and record
the delivered energy at specified marginal costs for every hour [67].

When all traders have send in their list of supply bids to the energy exchange, the supply
bids are stored in an order book and then sorted by price. In the same way demand traders
send in demand bids to the energy exchange. Then the intersection of supply and demand
is determined by the exchange and in both the supply and demand order books the accepted
bids will be marked. The traders will pass the results of the exchange on to the power plant
operators, so only when the power plant is awarded in the competitive bidding it is instructed
to run.

The full topology of the AMIRIS model, depicted in Figure 4.3, shows all the agents in
boxes. These agents in the system are encapsulated entities that are all equipped with their
own set of attributes and behavioural rules. Due to the ABM approach of the model, it is pos-
sible to describe the complex relationships between the entities by identifying their attributes,
behaviour and the environment in which they operate [57]. This concretely means that for
every power plant technology there is at least one trader agent that contains the bidding be-
haviour of that technology class. The traders are connected to their respective power plant
operators through exchange objects. The policy providers form the regulatory framework as
is depicted in Figure 4.2, they e.g. track the value of renewables in the market and specify
the height of the feed-in tariffs for the renewable generation technologies. The renewables
traders take these remunerations into consideration in their bidding and lower their bid with a
markdown equal to the height of the premium they receive. However, these remunerations will
be paid to the renewables traders ex-post on a monthly basis, so the traders need to forecast
the amount they will receive, for this they take the value of the past month market premium
[67].
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Figure 4.3: Overview of the full AMIRIS model structure [66].

CO, Certificate
Market
:I.l al
Conventional [ ¢— > | Neighbouring
Power Plant Dal\)lla/yl::tad Day-Ahead
—_— I Holders Markets
Conventional ¢
Power Plant e
Operators
Conventional
T Forecaster Demand
Fuels Market
:L'
Renewable . Storage
Traders Sljeiglels Pollcy‘ Operators
Renewable ]
Power Plant
Operators






Future Dutch Electricity Mix

Answering what could be a realistic energy generation scenario for the Netherlands in 2050
will not be left to the simulations, but will be done by an extensive literature study. It would
be desirable that the simulations end up in a similar energy generation scenario to achieve
the most useful results. However, nobody can look into the future and know for sure how the
energy generation mix will look like in 2050. Therefore, it is impossible to define one scenario,
but an attempt can be made to mark the borders within which the scenario is expected to fall.

In the "Klimaatneutrale energiescenario’s 2050” (Climate-neutral energy scenarios 2050)
report written by Berenschot [68], four future energy scenarios are given, which all have the
objective to lower the CO,-emissions as much as possible. These scenarios sketch the ver-
tices of the playing field of the electricity generation mix that will probably be installed in the
year 2050. This gives some flexibility for the net operators for the changes needed in the
infrastructure.

The scenarios are created in the Energy Transition Model developed by Quintel Intelli-
gence. This online tool enables users to get an overview of regional CO,-emissions, build
scenarios for certain regions, gain insight of different options and see how different sectors
interact [69]. All the scenarios use the same base parameters, such as the number of inhabi-
tants in the Netherlands and the number of households, which are 18.4 million and 8.8 million
respectively in 2050. The four scenarios are called regional governance, national governance,
European CO,-governance and international governance. The following sections will explain
the scenarios shortly and their characteristic electricity generation mix will be given. After-
wards the feasibility of the scenarios will be discussed.

5.1 Regional governance

In this scenario the focus lies on the governance from local communities and autonomous
systems [70]. Heat is delivered through heat networks and generated through geothermal
energy. Heavy electrification is present due to a big growth in solar- and wind-energy, which
together with a decline in industrial activities lead to a country self-sufficient in energy. In case
of energy demand peaks gas will still be used, but in the form of green gas from local biomass
and "green” hydrogen from solar- and wind-energy through electrolysis.

In Table 5.1 the installed generation capacity of the regional governance scenario in 2050
is presented.
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Technology Marginal Installed Availability Full load
costs capacity hours
€/MWh Mw % Hr
Solar PV (buildings) - 18,711.81 98 867
Solar PV (households) | - 40,442.15 98 867
Solar PV (ground- | - 66,918 98 867
mount)
Wind (offshore) - 31,000 92 4,500
Wind (onshore) - 20,000 89 3,000
Hydro (river) - 37 98 2,515
Import 50.04 14,800 30 475.81
Hydrogen plant (CCGT) | 66.61 18,500 90 869.02
Gas CCGT CCS 107.46 2,500 87 187.99
Hydrogen turbine 117.48 12,000 90 39.06

Table 5.1: Installed electricity generation mix in 2050 in the regional scenario [70].

5.2 National governance

In this scenario the national government controls the energy systems [71]. There is less growth
in heat networks, but a stronger growth in electrification in all consumption sectors. The energy
generated by wind and solar is highest of all scenarios. The industrial sector is stable and
becomes more sustainable due to heavy electrification, therefore import of energy is needed.
As backup for the industrial sector gas will still be needed in the form of green gas and "green”

hydrogen.

In Table 5.2 the installed generation capacity of the national governance scenario in 2050

is presented.

(small-scale)

Technology Marginal Installed Availability Full load
costs capacity hours
€/MWh MW % Hr
Solar PV (buildings) - 9,355.91 98 867
Solar PV (households) | - 40,442.15 98 867
Solar PV (ground- | - 57,600 98 867
mount)
Wind (offshore) - 51,500 92 4,500
Wind (onshore) - 20,000 89 3,000
Hydro (river) - 37 98 2,515
Import 50.44 14,800 50 699.82
Waste CHP 64.93 363 90 1,142.76
Hydrogen plant (CCGT) | 66.61 17,000 90 738.34
Hydrogen turbine 117.48 18,000 90 57
Gas engine CHP | 124 330 95 0

Table 5.2: Installed electricity generation mix in 2050 in the national scenario [71].
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5.3 European CO,-governance

In this scenario the energy is controlled by the European CO,-tax, which applies to all sectors
[72]. This CO,-tax leads to an increase in the use of green gas in multiple sectors. There
is again a big growth in solar- and wind-energy. The industrial sector also grows in this sce-
nario, however, there is no CO,-emission due to a combination of hybrid electrification and
carbon capture and storage (CCS), including the production of "blue” hydrogen. There is a
moderate electricity peak demand in this scenario, partly because of the hybridisation. There
will be more import of energy than in the previous two scenarios and gas will still be present
in neighbourhoods and other sectors, this will be in the form of green gas and a mix of "blue”
and imported "green” hydrogen.

In Table 5.3 the installed generation capacity of the European governance scenario in 2050
is presented.

Technology Marginal Installed Availability Full load
costs capacity hours
€/MWh Mw % Hr
Solar PV (buildings) - 7,484.73 98 867
Solar PV (households) | - 16,176.86 98 867
Solar PV (ground- | - 34,588 98 867
mount)
Wind (offshore) - 30,000 92 4,500
Wind (onshore) - 10,000 89 3,000
Hydro (river) - 37 98 2,515
Import 49 14,800 100 3,537
Waste CHP 64.93 726 90 2,291.61
Gas CCGT 84.94 15,155.04 90 1,189.77
Gas CCGT CCS 107.46 1,844.96 87 228.41
Gas turbine 149.84 19,000 90 30.81

Table 5.3: Installed electricity generation mix in 2050 in the European scenario [72].

5.4 International governance

In this scenario the energy is controlled by the market and internationally the cheapest option
is searched for [73]. A lot of hydrogen is imported in this scenario from countries where it could
possibly be produced more easily. Green gas is used less, but there is a lot of hybridisation
with hydrogen as back-up, this is because of the growth of the industrial sector in this scenario.
Due to the import of hydrogen, less wind-energy is needed for the national electrolysis and,
therefore, this scenario has the lowest sustainable electricity production.

In Table 5.4 the installed generation capacity of the international governance scenario in
2050 is presented.
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Technology Marginal Installed Availability Full load
costs capacity hours
€/MWh Mw % Hr
Solar PV (buildings) - 5,613.54 98 867
Solar PV (households) | - 12,132.65 98 867
Solar PV (ground- | - 34,588 98 867
mount)
Wind (offshore) - 27,500 92 4,500
Wind (onshore) - 10,000 89 3,000
Hydro (river) - 37 98 2,515
Import 48.66 14,800 100 3,824.82
Waste CHP 64.93 726 90 2,465.55
Hydrogen plant (CCGT) | 66.61 11,000 90 1,534.79
Gas CCGT CCS 107.46 5,000 87 415.35
Hydrogen turbine 117.48 18,000 90 49.38
Gas engine CHP | 124 1,650 95 0
(small-scale)

Table 5.4: Installed electricity generation mix in 2050 in the international scenario [73].

5.5 Feasibility of the scenarios

In the regional governance scenario there is a large decline in industrial activities, which results
in the largest energy usage decline of the four scenarios, as can be seen in Table 5.5. This
makes reaching the climate targets a lot easier, but the feasibility of such a large decline in
industrial activities is debatable. By having the lowest energy usage of the scenarios, it also
makes sense that the annual energy costs and Loss of Load Expectation (LOLE) are relatively
low.

In the national governance scenario the industrial activities remain stable, but due to heavy
electrification and by installing relatively a lot of offshore wind, the climate targets can still be
reached. However, the share of renewable electricity is the highest of the scenarios at 177.3%,
which means there is heavy over-investment. How realistic such a high over-investment is, is
also debatable.

The European CO,-governance scenario seems to be the least ambitious and so the most
feasible of the four, due to the increasing industrial activities, increasing energy import and
a share of renewable energy below 100%. However, the climate goals of the EU will not be
reached, since the CO,-emissions will be 92.3% lower in 2050 compared to 1990, while the
goal is to achieve a reduction of at least 95%.

In the international governance scenario the market dictates the scenario and the cheapest
form of energy will prevail. However, this scenario will probably lead to the technology that
gets most heavily subsidised by a government in a certain European country to be used the
most. Which means that specific country will have losses, since they are selling electricity to
other countries at a price lower than their subsidy support costs. This leads to a scenario that
is not very stable on the long-term.
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2050 Regional National European International
Energy usage -48.5 % -34.8 % -11.7 % -12.1 %
compared to 2015

CO, compared to 1990 | -99.4 % -98.1 % -92.3 % -95.2%
Renewable electricity | 160.7 % 177.3 % 92.8 % 80.7 %
share

Annual energy costs €49.7 bin €55.4 bin €52.6 bin €56.4 bin
Loss of Load 23 hr 20 hr 103 hr 128 hr
Expectation (LOLE)

Installed VRE capacity | 32985.1 MW 40862.2 MW 22886.3 MW 21131.0 MW
Installed  controllable | 1987.7 MW 2028.8 MW 8101.2 MW 8678.0 MW
capacity

Table 5.5: Key parameters of the four scenarios [70]-[73]. The installed capacities are a result of the summed
installed capacities multiplied with their availability and full load hours.







Simulations

The following sections describe how the AMIRIS and EMLab models were combined to create
a functioning simulation. Next up, it is explained how the data was gathered that was used as
input data for the simulations and the way the simulations were set up is described.

6.1 Coupling of AMIRIS and EMLab

To create a model that will deliver simulations that are more accurate than the simulation of ei-
ther EMLab or AMIRIS, the two models will be coupled. To create one model that is better than
the sum of its two parts, the models have to be coupled in a way that the strongest attributes
from both models will be used. EMLab strongest attributes are its investment and decom-
missioning decisions, while AMIRIS has a more accurate market clearing module. Therefore
EMLab will be used for long-term decisions and AMIRIS to clear the electricity spot market.
Figure 6.1 depicts how the two models are coupled.
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Figure 6.1: Flowchart depicting the coupling of AMIRIS and EMLab.

As can be seen in Figure 6.1, there are multiple different steps that get executed by EM-
Lab, while AMIRIS is only responsible for the market clearing. This is because it is possible
to make changes to the functionalities of EMLab, but not to AMIRIS. So AMIRIS is seen as a
blackbox that can clear the market, to which inputs can be fed and market results will come out.
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The coupled model starts with paying the loans to power plants and the decommissioning
of power plants that are past their expiration date and not profitable anymore for the last few
years. Then the market clearing will be prepared, which means that a list will be constructed
with the plants that are operational and will participate in the market. This list contains data
about each participating power plant, like its fuel type, variable operating costs, efficiency
and capacity. These first steps were done in EMLab, so the data now has to be prepared in
SpineDB to be readable by AMIRIS.

Next up AMIRIS will clear the market and the data will be prepared by SpineDB again to be
readable by EMLab. The output data from AMIRIS contains the total variable costs, revenues
and production in MWh of each power plant that participated in the market.

When a capacity mechanism is activated EMLab will execute the capacity mechanism
module, otherwise the model will skip to the short investment module. Next up, the financial
results are saved, from which can be determined whether the operation of a power plant is
profitable. Then EMLab will prepare the future prices of power plants and determine which
power plants will be decommissioned in the future or what candidate power plants would be
available in the future. In the model it is also assumed that the power plants that are in the
strategic reserve in the current year will still be operational and in the strategic reserve in the
future year. For the long-term investment decisions module a loop will be initiated in which
future markets are cleared by AMIRIS. The market will be cleared 4 years into the future, to
be able to predict whether an investment in a power plant would be profitable when it be-
comes operational. Long-term investment decisions on the decommissioning or the installing
of power plants will be based on these results. The loop will be initiated for the decision on a
single investment, when the investment is profitable the loop will start again. Only when the
investment in more power plants is not profitable anymore, the loop is finished and the tick will
be increased so the next year will be initiated.

6.1.1 The Spine Toolbox

To realise running simulations of the coupled AMIRIS-EMLab model all the modules of the
models were connected in the Spine Toolbox [74]. The Spine Toolbox is a modular tool which
provides a skeleton for bringing models and data together. By combining the models and their
data the Spine Toolbox is able to make a visual representation of the whole chain of data
processing. The tool is meant to define, manage and execute increasingly complex energy
system models. Therefore, the Spine Toolbox is a suitable tool for providing the skeleton along
which AMIRIS and EMLab are coupled.

In Figure 6.2 the coupling of AMIRIS and EMLab in the Spine Toolbox can be seen. On the
left side the blue data connection items load in excel files, which define the scenario. These
data connections are connected to purple data importers, which will import the data from the
excel files and load them into the pink data storage item. Items further along the chain will be
able to read and write data to the data storage, when they are connected to it. When the data
is loaded into the EmlabDB data storage item, the scenario is set and the simulation can be
started. The first step in the simulation is the initialisation of the clock, which happens in a red
tool item. Next up, the power plants get initialised and decommissioned according to financial
results of the previous years. This is followed by the preparation of the data for AMIRIS. After
AMIRIS has run, the data will be imported in the AMIRIS DB storage item. The specify year tool
is there to make sure all the data is handled and specified correctly before going into the ca-
pacity mechanism. In the capacity mechanism tool can be defined which capacity mechanism
gets executed. The create results tool saves data to an excel to be able to analyse the results
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Figure 6.2: Flowchart depicting the coupling of AMIRIS and EMLab in the Spine Toolbox.

from the market. Next up, the financial results tool gathers the financial results of the power
plants, so they can be later on decommissioned, not only on age, but also on profits. When
the market results are known, the short investment tool will make short investment decisions
for the installation of PV utility systems or lithium ion batteries. Then the long-term investment
decisions will be made by the invest tool, after AMIRIS future has simulated the market until 4
years into the future, to determine if the investments will be profitable. AMIRIS future looks 4
years ahead, because the longest permit and build time of the power plants within the available
long-term investments is 4 years. For every investment that will be made the investment loop
has to be run one time. Lastly, the next year will be initialised and the whole chain starts again.

Instructions for running the simulations can be found in Appendix B.

6.2 Power plant database update

EMLab already had a database of power plants to be used as input for the model, but the
database was never updated since 2015 and only contained German power plants. So to be
able to create realistic simulations of the Dutch energy market the database had to be updated.
The German plants had to be updated to the current situation and Dutch plants had to be added
to the database. For the simulation it is very important to have not only the capacity of the
installed power plants, but also their age, technology and efficiency. Therefore, databases
had to be found that are first of all complete, secondly up-to-date and thirdly, contain all these
specifications.

6.2.1 Dutch power plants

A list of Dutch power plants was not yet present in the database, so they had to be added.

Conventional plants
For the conventional power plants in the Netherlands Wikipedia [75] was used. The list of
power plants was up-to-date and contained the specifications needed for the database, such
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as the capacity and commissioning year.

Renewable energy plants

For both the onshore and offshore wind farms in the Netherlands Wikipedia [76] was used,
as well as for the solar installations [77]. Also for these renewable power plants the available
data on Wikipedia was adequate for the database.

To do a sanity check the total installed capacity of the renewable power plants were com-
pared to the data of the Statistics Netherlands (CBS) [78]. According to CBS the total installed
capacity of wind energy is 6.6 GW, however, the total installed capacity from the gathered
data sums up to 5.6 GW. So the total capacity of wind energy is 15% lower than it should
be. The total installed solar capacity, according to CBS, is 14 GW, but the gathered data only
sums up to 1.7 GW. This large difference, of nearly a factor 10, can be explained due to the
fact that only data was listed from solar energy farms with a minimal nominal capacity of 0.5
MW, but there are a lot of little solar installations in the Netherlands on, for example, rooftops
of houses. These little installations are very hard to track and do not really participate on
the energy market, therefore only the bigger installations will be used in the database for the
models.

6.2.2 German power plants
German power plants were already present in the database, but the conventional plants were
outdated and the renewable plants were not accurately depicted.

Conventional plants

For the conventional power plants in Germany the Open Power System Data platform [79]
was used to gather the data. This is a data package containing data on German conventional
power plants as well as neighbouring European countries. The data contains specifications
and technical characteristics of individual power plants. However, the quality of the publicly
available data varies per country and not all information is provided for each country. This
database is, therefore, very appropriate for the German power plants, but not for the Dutch
ones.

Renewable energy plants

For the onshore wind farms and installed solar energy capacity the Global Power Plant Database
[80] from the World Research Institute was used, due to it being the only available database
with the age of the installed energy sources. The data was very comprehensive and, therefore,
grouped per age of installation instead of name or owner.

For the offshore wind farms Wikipedia [81] is used to group the data of the Global Power
Plant Database to their real names and owners. The combination of these databases results in
a list of offshore wind farms that is very comprehensive and has all the technical specifications
of the farms.

To sanity check if the total installed capacity of the list of renewable plants is in the cor-
rect order of magnitude, the total capacity was compared to the capacity data of Germany’s
Bundesnetzagentur [82]. According to the Bundesnetzagentur the total installed capacity of
renewable power plants is 138.6 GW and the gathered data sums up to 114.6 GW, so this is
a difference of 17%. This difference in capacity is this time not mostly related to the installed
solar capacity, since according to the Bundesnetzagentur it should be 59.3 GW, but the gath-
ered data sums up to 51.9 GW. Furthermore, the onshore wind farm capacity is 56.1 GW and
the offshore capacity is 7.7 GW according to the Bundesnetzagentur, but the gathered data
sums up to 45.0 GW and 7.3 GW respectively.
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6.2.3 Grouping of power plants

Since the list of power plants in the database is very long, the power plants are grouped
together if they have the same technology and the same age. So the grouped power plant
has the capacity of the power plants with the same technology and age summed together.
The power plants can be grouped together in this way, because the model would have treated
those power plants in the same way. When power plants have the same technology and
age, their cost modifier would have been the same in the model and they would have been
decommissioned in the same year.

By grouping power plants together the simulation time will be less. When the simulation
makes a lot of loops through the power plants, decreasing the number of plants will result in
faster simulations. However, when the power plants are grouped together, the accuracy of the
results will of course also decrease, but this accuracy decrease is not significant due to the
previously mentioned reasons.

6.3 The baseline scenario

As a realistic energy generation scenario for the Netherlands in 2050 a baseline scenario will
be chosen to which the results from the simulations will be compared.

The baseline scenario should lie somewhere in between sketched vertices in the previous
section, therefore it will be somewhat of an average of the four given scenarios. If the aver-
ages of the key parameters of the four scenarios are taken, it will result in the average key
parameters given in Table 6.1. The results of the simulations will be realistic if the key pa-
rameters of the finished simulations will be in the same order of magnitude as these average
values.

Average International
Energy usage in 2050 -26.8 % -12.1 %
compared to 2015
CO, in 2050 -96.3 % -95.2 %
compared to 1990
Renewable electricity 127.9 % 80.7 %
share in 2050
Annual energy costs €53.5 bin €56.4 bin
Loss of Load 68.5 hr 128 hr
Expectation (LOLE)
in 2050
Installed VRE capacity | 29466.1 MW 21131.0 MW
in 2050
Installed  controllable | 5198.9 MW 8678.0 MW
capacity in 2050

Table 6.1: The key parameters of the average of the four scenarios and of the international governance scenario.

However, since the EMLab model will make all investment and dismantle decisions based
on total profits made by the power plants, the simulations have most in common with the in-
ternational governance scenario. Therefore, a simulation scenario will be created in which the
energy demand decreases linearly to -12.1% in 2050, as is the case in the international gov-
ernance scenario. The standard version of AMIRIS-EMLab has no trend incorporated for the
demand, so the load demand curve of 2020 is used for every year. To compare what happens
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when a trend is applied to the demand, simulations will be run for both the demand staying
equal through the years and for a descending demand trend replicating the international gov-
ernance scenario.

6.3.1 Load demand curve
For the start of the simulations an hourly load demand curve is generated from the Energy
Transition Model data for the Netherlands in 2020 [83]. The Energy Transition Model offers
CSV files containing the energy usage per application per sector in the Netherlands. So the
data of the electricity usage was processed using Microsoft Excel and turntables were used
to get the total hourly electricity demand in the Netherlands. Then the data was formatted so
it can be read by AMIRIS as input for the simulation. The hourly load demand input will be
the same for all the simulations, so the results can be compared with each other in the correct
way.

In Figure 6.3 the total demand curve per day can be seen, it was summed per day for the
sake of visualisation.
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Figure 6.3: Demand curve of the total load demand in the year 2020 in GWh per day. The hourly demand data
was summed to represent the daily energy demand.

The total demand curve in Figure 6.3 is the summed total of the demand curve per sector.
The demand curve per sector can be seen in Figure 6.4. In the figure of the demand per sector
can be seen that the energy demand dips in the weekends are caused mostly by the buildings
and agriculture sector.
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Figure 6.4: Demand curve of the load demand per sector in the year 2020 in GWh per day. The hourly demand
data was summed to represent the daily energy demand.

To test the adequacy of the installed power system in the Netherlands in 2050, a single
simulation year will be run with the expected demand curve of 2050 as input as well as the
installed power plants in 2050. For the installed power plants the installed power plants as
result of the simulation in 2050 will be used. For the expected hourly demand curve of 2050
a so called "dunkelflaute” scenario is used to test the adequacy of the installed power plants.
A "dunkelflaute” scenario is a scenario in which the demand is higher than usual for longer
periods of time and during this period there will be no wind or solar energy available. In this
scenario the Netherlands suffers a very harsh winter with an exceptionally cold period, with
an average temperature of -6.5°Celsius from January 6 until January 21. This will cause a
significant increase in demand for heat. The hourly load demand curve summed per day can
be seen in Figure 6.5.
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Figure 6.5: Demand curve of the total load demand in a "dunkelflaute” scenario in the year 2050 in GWh per day.
The hourly demand data was summed to represent the daily energy demand.

The total demand curve in Figure 6.5 is the summed total of the demand curve per sector.
The demand curve per sector can be seen in Figure 6.6.
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Figure 6.6: Demand curve of the load demand per sector in a "dunkelflaute” scenario in the year 2050 in GWh per
day. The hourly demand data was summed to represent the daily energy demand.

When comparing Figure 6.4 with Figure 6.6, the most notable difference is the increase in
electricity usage in the industrial sector. This could be due to the expectation that the industry
will undergo a heavy electrification.

In addition, from Figure 6.6 can be seen that the trend that more energy will be consumed in
the winter is mostly due to the household consumption of electricity. Since in all the scenarios
there is heavy electrification in houses, the colder periods result in significant increases in
electricity use. This is partly because there is less light available during the day, so the lights
are on more hours per day, but mostly because of the heat pumps heating up the houses.
Although heat pumps are advertised as the sustainable alternative to the gas-heated boiler,
they still need serious amounts of electrical energy to get a house heated up to a comfortable
temperature in the winter months. Therefore, heat pumps will only be sustainable when the
used electricity is generated by renewable energy sources.



Implementation of the Capacity
Mechanisms

To be able to test which capacity remuneration mechanism would ensure the highest level
of security of supply, the different mechanisms should be implemented in the coupled model
of AMIRIS and EMLab. P. Bhagwat already made implementations of the strategic reserve
and the yearly capacity market in Java for EMLab in his doctoral research [8]. However, these
mechanisms should be rebuilt to fit inside the project of AMIRIS-EMLab running in Python.The
implementation for the capacity subscription mechanism still has to be made from scratch.

7.1 Strategic reserve

The following sections firstly describe how the behaviour of the basic strategic reserve is mod-
elled and what parameters need to be defined in the model. Then the description of the mod-
elling of both the German and the Swedish model for the strategic reserve follows.

In the script the available power plants start by bidding their full capacity at cost price to
the strategic reserve market. The cost price is determined by dividing the fixed costs by the
capacity and adding it to the marginal costs to have a normalised price per MWh. These bids
get sorted in descending order, since the most expensive power plants are contracted first,
because they would have made the lowest bids and are least likely to run, therefore, the costs
of withdrawing these plants from the market are the smallest.

Next up, the volume of the strategic reserve is determined by multiplying the total capacity
in the market with the strategic reserve fraction. Now the operator starts with contracting the
power plants with the highest normalised costs for the strategic reserve. When a power plant
is contracted into the strategic reserve that means its full capacity is contracted. The process
of contracting power plants is iterative and continues until the contracted capacity is equal to
the predetermined strategic reserve volume.

The contracted power plants get their annual fixed operating costs paid by the operator
and the operator offers the available plants on the electricity spot market at the strategic re-
serve dispatch price (Psz). The operator of the strategic reserve can cover the costs of the
strategic reserve by offering the available capacity within the strategic reserve on the market.
When the capacity of generating units is sold on the market and dispatched, the revenue of
the strategic reserve operator (Rgy) is the revenue of the generating units (R;z) above their
marginal generating costs (V' C).
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RSR =RGR_VC (71)

In case the strategic reserve operator cannot recover the full costs of the strategic reserve,
the operator will end the simulation with a negative amount of cash. This negative cash amount
would normally be passed on to the consumers via the network of system tariffs. However, in
this model this is not possible to implement directly, but can be shown in the results.

An electricity shortage will occur when the full capacity of the strategic reserve and all non-
contracted generators are running and the combined capacity is not enough to meet demand.
When this happens the model sets the market price equal to the VoLL.

Thus summarised the steps the model takes are;

Power plants bid their full capacity at cost price to the strategic reserve market

The bids get sorted in descending order (on price)

Contract energy from power plants with highest operating costs

Pay contracted power plants their annual operating costs

Offer this energy to the market with price Pz, which is higher than the marginal costs
If dispatched, pay contracted power plants marginal costs

No g s~ e Dd-=

If not profitable for TSO, costs of the strategic reserve can be seen as a result of negative
cash

In Figure 7.1 the flowchart of the implemented strategic reserve can be observed.
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Figure 7.1: Strategic reserve flowchart.

Parameter definitions
The key parameters for the strategic reserve model are;

* Fraction strategic reserve (Fgg)

The user defines the size of the strategic reserve capacity to be contracted as a fraction
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Fgp of the expected peak demand. The Fsg will be set at 6% with a corresponding dis-
patch price P;y of € 800/MWh, as these values were established to be the most effective
for a strategic reserve [84].

* Total contracted capacity (Csg)

The total capacity contracted into the strategic reserve (Csg) is calculated in every time
step. Itis calculated by multiplying the fraction of the strategic reserve volume (Fy) with
the peak load volume (15, of the corresponding year.

Csp = Fsp * Vpy, (7-2)

7.1.1 German strategic reserve
The German strategic reserve implementation is built off of the basic strategic reserve with a
few additions. Firstly, only conventional power plant are allowed to participate in the strategic
reserve, so only those are able to place bids on the strategic reserve market. Secondly, when
a power plant gets accepted into the strategic reserve it has to be decommissioned in a few
years. When the model updates the power plant status it, therefore, also increases the age
of the power plant to an age 4 years before its expected lifetime. This means the power plant
should get decommissioned after being in the strategic reserve for 4 years. Furthermore,
when a power plant gets accepted into the strategic reserve it will be in there for the rest of its
lifetime. Thus the model checks if the power plant was already in the strategic reserve and if
it was, it automatically accepts it in again.

The flowchart of the German strategic reserve implementation can be seen in Figure 7.2.
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Figure 7.2: German strategic reserve flowchart.

PPDP.accepted_amount=0
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7.1.2 Swedish strategic reserve
The Swedish strategic reserve implementation is again built off of the basic strategic reserve
with a few additions. In the Swedish model the bids are not based on the total costs of the
power plant, but only on the variable costs. Only renewable power plants are allowed to
participate in the strategic reserve, so only those plants are able to place bids. In contrast
to the basic and German strategic reserve, in the Swedish version the bids will be sorted in
ascending order to price, so the power plants with the lowest variable costs will be accepted
first.

The flowchart of the Swedish strategic reserve implementation can be seen in Figure 7.3.
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Figure 7.3: Swedish strategic reserve flowchart.

7.2 Capacity market

The following sections describe how the behaviour of the yearly and the forward capacity
market is modelled and what parameters need to be defined in the model.
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7.2.1 Yearly capacity market

The yearly capacity market model is modelled similar to the NYISO-ICAP model, since it has
a relatively simple design [50]. In the model generators start by offering unforced capacity
(UCAP) for the coming year in an annual auction, which is administered by the capacity market
regulator. The demand requirement for the coming year is calculated by the regulator and
then a sloping demand curve of the available capacity in the market is calculated. This sloping
demand curve results in more stable capacity market prices, since changes in offered capacity
volume only result in small price changes.

The power plants submit bid pairs for price and volume of their available capacity, which
form the supply curve. The available volume that is bid in the market is based on the expected
available capacity of the generation unit in the peak segment of the load-duration curve for a
given year. The bid price is based on the marginal costs of producing energy for the generation
unit. If the expected revenues from the energy-only market alone are not sufficient to cover the
fixed operating and marginal costs of a power plant, the bid price will be set to the difference
between the fixed costs and the expected revenue. Otherwise, if the expected revenue from
the energy-only market is adequate to stay online for the power plant, the bid price will be set
to zero.

Next up, the submitted bids by the generators will be sorted in an ascending order by price,
so the market-clearing algorithm, based on uniform price clearing, can clear the market ac-
cording to the sloping demand curve. A sloping demand curve is depicted in Figure 7.4. The
market-clearing price will be paid to the generating units that clear the capacity market.

Thus summarised the steps the model takes are;
1. Auction offered unforced capacity (UCAP) by generators:

(a) Volume is the available capacity at peak load

(b) Price is based on expected revenues from the electricity market (0 if the EOM covers
all operating costs, otherwise the difference in revenue and operating costs)

2. Calculate the sloping demand curve, see Figure 7.4
3. Sort bids in ascending order (on price)
4. Select and pay bids

Price cap

Price (E/MW)

A 4

LM UM
Volume (MW)

Figure 7.4: Sloping Demand Curve [8].



7.2. Capacity market 51

In Figure 7.5 the flowchart of the implemented yearly capacity market can be observed.
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Figure 7.5: Yearly capacity market flowchart.
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Parameter definitions
The key parameters for the yearly capacity market model are;

* Value unforced capacity

The value of the unforced capacity is the product of the IRM and the forecast peak
demand. The value of the IRM (r) is set to 10% and the forecast peak demand is a
result of the peak of the current load demand curve with the defined electricity demand
trend applied to it.

» Sloping demand curve (Figure 7.4)

The sloping demand curve consists of two lines, a horizontal and a sloping line. The
horizontal line is placed at the capacity market price cap (P.) and the sloping line inter-
sects the horizontal line and the X-axis. The price cap is set to € 75000. The slope (m) is
dependent on the lower margin (Im) and the upper margin (um), which are user defined
maximum flexibility boundaries above and below the IRM, given in percentages. The
margins are both set to 3.5%. The slope (m) is calculated using the following equation.

P

mz—LM—UM (7.3)

Since the lower (Im) and upper margin (um) are given in percentages, they need to be
converted to volumes (LM and UM) using the following equations.

LM = Dpeqr - (1 + 71 —1lm) (7.4)

UM = Dpeqi - (1 + 1+ um) (7.5)

7.2.2 Forward capacity market

The implemented forward capacity market model is similar to the capacity market implemented
by the UK [85]. The capacity that clears the forward capacity market in the current year needs
to be available in the reference year in the future. Therefore, not only existing power plants, but
also power plants under construction that expect to be up and running in the reference year can
participate in the market. This also means that power plants that expect to be decommissioned
before the reference year cannot participate in the market.

Contracts in the market will be awarded according to the flowchart in Figure 7.6. New
power plants can be awarded with 15-year contracts and existing plants only with one-year
contracts. In the actual forward capacity market refurbished power plants can be awarded
with 3-year contracts, however, in the used models power plants do not get refurbished, so
this function is not added in the model for the forward capacity market. During the duration
of their long-term contract, power plants cannot participate in the capacity market, but they
are eligible for one-year contracts at the end of their long-term contract as existing capacity.
In the model renewable energy capacity is not eligible to participate in the market, so only
conventional power plants are able to place bids.

The eligible power plants submit bid pairs for price and capacity volume to the capacity
market. The available capacity volume of a power plant is determined by its available capac-
ity during peak load in the reference year. The price bids are different for existing and new
plants. For existing plants the price is based on the marginal costs of producing energy for
the generation unit, just as in the yearly capacity market, the price will be zero if the plant
expects to earn adequate revenues from the energy-only market to cover the fixed operating
and maintenance costs, and when it expects the earnings not to be sufficient to cover the
fixed costs the price will be the difference between the fixed costs and the expected electricity



7.2. Capacity market 53

market revenue. For new power plants the price will be set at its fixed operating costs, this will
be the minimum required revenue for the power plant to remain online without any revenue
being earned from the wholesale electricity market.

Next up, the submitted bids by the generators will be sorted in an ascending order by
price, so the market-clearing algorithm, based on a uniform price auction, can clear the market
according to the sloping demand curve. The auction forward period is four years and the long-
term contract length is set at 15 years. Power plants that clear the market either get awarded
a one-year contract or a long-term 15-year contract, depending on the fact that they are either
existing or in pipeline. Since power plant operators are not able to refurbish their plants in the
model, this contract option is also not considered.

Existing plants with a one-year contract get paid the current capacity market-clearing price,
after the market is cleared. New plants with a long-term contract that clear the market will
receive payments for the duration of their contract fixed at the current year’s market-clearing
price. Furthermore, the remaining plants with long-term contracts awarded in previous years
get remunerated based on the contracted market-clearing price of the corresponding earlier
year.

Capacity
Market

new or less than
4 years from
completion?

No

Yes being No
refurbished?

Yes

15-year 3-year 1-year
contract contract contract

Figure 7.6: Flowchart for offered contract duration in the forward capacity market.

Thus summarised the steps the model takes are;
1. Producers submit bids for plants that are not already participating

(a) Volume is the available capacity at peak load
(b) Price in bid is based on:
» Expected revenues if power plant is already existing (0 if the EOM covers all

operating costs, otherwise the difference in revenue and operating costs)
* Fixed operating costs of power plant if it is in pipeline
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2. Create sloping demand curve
3. Sort bids in ascending order (on price)
4. Contracts will be offered according to the flowchart depicted in Figure 7.6
5. Pay:
(a) Existing units get current market-clearing price

(b) New units get price fixed at this year’s market-clearing price
(c) Previously awarded contracts get their contract price

The flowchart of the implementation of the forward capacity market can be seen in Figure
7.7.
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Figure 7.7: Forward capacity market flowchart.
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7.3 Capacity subscription

Finally the module for the capacity subscription mechanism still has to be made. So lets start
with defining the steps the algorithm has to make. For this simulation model it is assumed all
market participants have an LLD installed and have perfect insight in the capacity they need,
furthermore, the consumers will get cut off when they exceed their contracted amount of ca-
pacity during peak periods. However, their consumption is not limited the rest of the time.

In the capacity subscription model each consumer wants to obtain the permission to use
a certain amount of installed capacity during scarcity periods. By bidding certain prices in the
market consumers show their preference for the amount of capacity they wish to subscribe
to, paying more money leads to higher subscriptions and in turn to higher levels of capacity.
Since the consumer bids will be sorted in descending order, higher bids will be selected first
and, therefore, will be firstly secured of capacity. The volume each consumer will bid on will
be based on their peak demand of the previous year plus an uncertainty margin.

In the model the generation units start by voicing their available capacity to the market. The
system operator gathers the data of offered capacity and starts the capacity bids at a basic
price. If this price is high, consumers will buy less, so their amount of subscribed capacity will
be less.

When the basic capacity price set by the operator is too low and the summed total optimal
subscribed capacity level for all consumers is higher than the level of available capacity, the
operator will increase the price and repeat the procedure. The market will be cleared at a
price where the total subscribed capacity is equal to the available capacity [86]. This means
all consumers buy capacity at the same price, but their bids determine the amount of capacity
they subscribe to and if they will subscribe to any capacity at all or the capacity will be too
expensive for them. In the model the basic price will be based on the marginal costs of the
generators and the market clearing price will be at the intersection of the supply and demand
curve, as can be seen in Figure 7.8.

Thus summarised the steps the model takes are;

1. Operator determines available capacity and sets basic price
2. Consumers submit bids for capacity subscriptions

(a) Volume is based on peak demand in previous year
(b) Price in bid is based on VoLL

3. Sort consumer bids in descending order (on price)
4. Calculate the sloping demand curve, see Figure 7.8
5. Match supply and demand curve and pay bids

Parameter definitions
The key parameters for the capacity subscription model are;
* The Installed Reserve Margin (IRM)
The IRM is defined by the regulator.
* Demand requirement per consumer (D,..)

The required demand per consumer (D,..) for the current year is calculated using the
IRM (r) and the expected peak demand (Dpqx). The expected peak demand is a result
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Figure 7.8: Capacity demand versus supply in a capacity subscription mechanism.

of the peak of the current load demand curve with the defined electricity demand trend
applied to it.
Dy = Dpegr - (1 +7) (7.6)

 The basic price (Pg)
The basic price (Pg) is based on the marginal costs of the generators.
+ The consumer bid price (Py;4)
The height of the bid of the consumer (P,;,;) is based on the VoLL of the consumer.

Issues
Building the capacity subscription mechanism into the AMIRIS-EMLab model is, however, a
problem. Since both models are agent-based models, with the producers and power plants as
the decision making agents, it is not possible to submit bids from consumers into the market.
There are currently no consumers as agents modelled in the system, the consumers are only
represented by a load demand curve that represents all the consumers together. So the key
step in the capacity subscription mechanism of consumers submitting bids for subscriptions
is not possible, since the energy needs are not defined for single consumers. Furthermore,
the model currently is not able to cut off certain consumers exceeding their contracted amount
of capacity during peak periods, since they are represented as one single entity. Another
way how the capacity subscription could function is to penalise consumers, instead of cutting
them off, when they exceed their contracted amount of capacity, but because of the previously
mentioned reasons this is also not possible.

So, for these reasons it is not possible to create a capacity subscription mechanism in the
current version of the AMIRIS-EMLab project.






Results

Twelve different simulations were run, all with the same configuration as input, as described
in the previous chapters, from 2020 unto 2050. But first all six capacity mechanisms were
run without an energy demand trend and then the six mechanisms were run again with a
descending demand trend, equal to the international governance scenario. The simulations
are configured so they will run from 2020 until 2050 with a time step of 1 year. The maximum
investment capacity per year is set to 20,000 MW, a value that will never be reached, so the
investments are not limited. The start year for fuel trends is set beyond 2050, so the fuel prices
will increase linearly, without a yearly geometric trend, and will be the same for all scenarios.
All the candidate power plants for investment have a capacity of 1000 MW, which is higher
than their normal capacity. This will result in some investment overshoots, but due to time
constraints running all the simulations with the candidate power plants having their own actual
capacity would take much too long.

More explicit results of the simulations can be found in Appendix A, but the following sec-
tions show and describe the differences in resulting key parameters between the different
implemented capacity mechanisms.

8.1 Simulations without demand trend

Firstly, the results of the scenario without a demand trend will be analysed. In this scenario
the energy demand is in every year equal to the load demand curve of 2020 that was used as
input. Since all simulations are serving the same energy demand, the total yearly production
is the same for all mechanisms. However, the difference in results is in the differences in
amounts of energy coming from the different generation technologies.

The following sections analyse the security of supply, the energy prices and the closeness
to reality of the simulations.

8.1.1 Security of supply
The first, and most important, metric to test the different capacity mechanisms is their security
of supply. The security of supply will be measured by the installed capacity of controllable
energy sources and the yearly loss of load expectation. The security of supply is heavily
dependent on the total installed generation capacity within the system, but foremost on the
controllable energy sources. So the capacity data of the different simulated mechanisms was
extracted and processed.

The total installed generation capacity per capacity mechanism can be seen in Figure 8.1.

59



60 8. Results

Total installed capacity in GW
65

60
55
50 / NG \

45 m

Power (GW)

40
35

<~

25

O Ay AV A X o Mo N SRS TN BN A ) ™ A ) WA ] & Y @ O O
R R R I A A T A R I T T T I T T I T TN )
I LTI TS F T T 5 5
Year
=== Energy-only market ==@==Capacity market Forward capacity market
Strategic reserve «=@==German strategic reserve ==@==Swedish strategic reserve

Figure 8.1: Total installed generation capacity per capacity mechanism in GW. The represented data are yearly
data points extracted from the simulation results.

In Figure 8.1 can be seen that all simulations have a large increase in installed capacity in
the first few years. This is due to the large investment round that is happening at the beginning
of the simulations, a few years later these investments are realised and the power plants are
operational. From 2041 unto 2047 all the mechanisms have reached a steady state for a few
years, since their installed capacity is constant for that period of time.

The figure shows that the forward capacity market has the highest level of installed capacity
through the years, only in the last year it is just overtaken by the German strategic reserve.
The Swedish strategic reserve has continuously the lowest total installed capacity.

The corresponding supply ratio can be seen in Figure 8.2, in this figure the total installed
capacity is divided by the peak energy demand. All capacity mechanisms have a supply ratio
that is above one in all years, so in normal conditions all mechanisms should be able to supply
all demand.
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Figure 8.2: Supply ratio per capacity mechanism, calculated by dividing the total installed capacity by the peak
energy demand. The represented data are yearly data points extracted from the simulation results.

To see where the differences in installed capacity and supply ratios come from, the data
of the variable renewable energy sources, the controllable renewable energy sources and the
conventional energy sources was extracted. With this data the installed capacities of different
technologies will be analysed in the following sections.

Variable renewable energy sources

The energy sources that count as variable renewable energy sources are on- and offshore
wind farms, PV installations and run-of-river hydroelectricity. The installed variable renewable
energy capacity per capacity mechanism can be seen in Figure 8.3.
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Figure 8.3: Operational variable renewable generation capacity per capacity mechanism in GW. The represented
data are yearly data points extracted from the simulation results.

From Figure 8.3 can be learned that the forward capacity market has the highest level of
installed VRE capacity through the years and the Swedish strategic reserve has the lowest.
While the Swedish strategic reserve should be promoting investments in renewable energy,
what actually happens is that the strategic reserve operator takes the energy sources off of
the market and gives them a predetermined price. The strategic reserve will only be acti-
vated when the electricity spot market prices reach €800 per MWh, so this market price is
not reached often in the Swedish strategic reserve. This prevents the owners of the energy
sources to participate in the market and receive market prices while they are lower than the
predetermined strategic reserve price, or to potentially get a higher price when there is high
demand.

In Figure 8.4 the consequence can be observed, since there is less installed variable re-
newable capacity in the Swedish strategic reserve, the yearly produced energy from these
sources is also much lower compared to most of the other mechanisms.
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Figure 8.4: Yearly variable renewable energy production per capacity mechanism in TWh. The represented data
are yearly data points extracted from the simulation results.

In Figure 8.4 can be seen that the energy generated by VRE sources is the lowest for
the German strategic reserve. Since the German strategic reserve takes conventional power
plants off of the market, it was expected this hole would be filled with VRE, but this is not the
case.

Controllable renewable energy sources

Biomass and hydro storage energy are the sources that are counted as controllable renewable
energy sources, of which the installed capacity can be seen in Figure 8.5. In this figure the
installed capacities of the energy-only market, yearly capacity market and Swedish strategic
reserve are the same.
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Figure 8.5: Operational controllable renewable generation capacity per capacity mechanism in GW. The repre-
sented data are yearly data points extracted from the simulation results.

For all the mechanisms the controllable renewable energy capacity consists predominantly
of biomass power plants. In the energy-only market, yearly capacity market and Swedish
strategic reserve the installed biomass power plants are profitable enough not to be decom-
missioned. However, in these capacity mechanisms they are also not profitable enough to
further invest in this technology.

In the German strategic reserve the level of installed CRE capacity is the highest, so the
capacity of conventional power plants that are taken off of the market by the mechanism is
compensated mostly by controllable renewable power plants. This is also confirmed by the
level of yearly CRE production, as can be seen in Figure 8.6.

Yearly production of controllable renewable energy sources in TWh/year
100

90 o——0 e
80
70
g
> 60
E
E 50
>
2040
9]
S
30
20
0 © PP PGP G G G G G S G S S G S G G S G S S S S G G
0
QD A AV D A N AN DD D NS N Y 55 40 A LD D O B X O o D@ O
U R I R A I A I T I A S I I I I I S I T i i I T T T L i )
LTSI LTI T TS T T TS TS
Year
=== Energy-only market ==@==Capacity market Forward capacity market
Strategic reserve «=@==German strategic reserve ==@==Swedish strategic reserve

Figure 8.6: Yearly variable controllable energy production per capacity mechanism in TWh. The represented data
are yearly data points extracted from the simulation results.
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Conventional energy sources

The remaining power plants are the conventional energy sources, these are coal, CCGT,
OCGT, nuclear, lignite, fuel oil and lithium battery energy sources. The installed capacity
through the years of the conventional energy sources can be seen in Figure 8.7.

Installed capacity of conventional energy sources in GW
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Figure 8.7: Operational conventional generation capacity per capacity mechanism in GW. The represented data
are yearly data points extracted from the simulation results.

Figure 8.7 shows that actually the energy-only market has the highest installed capacity of
conventional power plants during the steady state years, but the yearly capacity market ends
up with the highest level of conventional capacity in 2050.

As expected, there is a high level of decommissioning of conventional power plants in
the German strategic reserve and so it ends up with the lowest level of installed capacity of
conventional power plants. Although this is a good thing for the environment, this research is
focused on creating security of supply, so in this research it could be a bad thing.

Furthermore, it can be seen that the Swedish strategic reserve has a relatively high ca-
pacity of conventional power plants, while this mechanism should be promoting investment
in renewable energy sources. The produced energy of conventional energy sources is also
highest for the Swedish strategic reserve, as can be seen in Figure 8.8. This makes the
Swedish strategic reserve the least green mechanism of the bunch. On the other hand, the
forward capacity market and the German strategic have very low levels of conventional energy
production.



66 8. Results

Yearly production of conventional energy sources in TWh/year
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Figure 8.8: Yearly conventional energy production per capacity mechanism in TWh. The represented data are
yearly data points extracted from the simulation results.

Contracted technologies

The different mechanisms have different results concerning the earnings of different power
plant technologies. These differences are caused by the differences in which power plants
get their capacity sold on a capacity market or get contracted into a strategic reserve. To see

where the difference comes from, the average contracted capacities over the years can be
seen in Figure 8.9 and 8.10.
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Figure 8.9: Average of the yearly procured capacity in capacity markets over the years 2020 to 2050 in MW.

As can be seen in Figure 8.9 the average total amount of capacity sold on the yearly
capacity market is much higher than the average capacity sold on the forward capacity market.
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On the yearly capacity market all installed generation technologies are represented, while on
the forward capacity market only conventional capacity is sold. This is due to the fact that
renewable power plants are not allowed to participate in the forward capacity market if they
are receiving supportive subsidies.
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Figure 8.10: Average of the yearly contracted capacity in strategic reserves over the years 2020 to 2050 in MW.

Figure 8.10 shows that the amount of capacity contracted in the German strategic reserve
is on average higher than in the other two strategic reserves. This is due to the long term
contracts in the German strategic reserve, when a power plant is contracted it is in the strategic
reserve until the end of its lifetime.

Although all power plants may participate in the basic strategic reserve, the average con-
tracted capacity almost solely consists of biomass power plants. The basic strategic reserve
contracts the power plants with the highest combined fixed and variable costs first, so this
means the operating costs of biomass and offshore wind are the highest.

The fact that these power plants are contracted in the strategic reserve does, however,
not mean the strategic reserve is always fully dispatched. It is not unrealistic that the strategic
reserve is not always fully or partly activated in the simulations, since there is an oversupply
of energy in most years. To further back this up, the strategic reserve in Sweden has been
activated only five out of the twelve years from 2003 until 2015 [87].

Installed capacity in 2050
The resulting installed capacity at the end of the simulations can be seen in Figure 8.11.
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Installed electricity generation capacity in the Netherlands in 2050 in GW
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Figure 8.11: Installed and operational generation capacity in the Netherlands in 2050 in GW.

Figure 8.11 learns us that the German strategic reserve has the highest installed capacity,
due to the large amount of installed biomass capacity, but it is the only mechanism without
any nuclear energy anymore in 2050. Since the nuclear power plant had high costs, it was
contracted in the German strategic reserve and decommissioned after a couple of years.

The Swedish strategic reserve not only has the lowest total installed capacity, but also the
lowest amount of controllable capacity and the lowest amount of variable renewable capacity.
This makes the Swedish strategic reserve to offer the lowest level of security of supply. Which
is also confirmed by the amount of energy shortage hours in 2050. Only the Swedish strategic
reserve has 11 energy shortage hours in 2050, while all the other mechanisms have zero
shortage hours. These hours are measured by the amount of hours the price on the spot
market reaches the market price cap at the predefined VoLL, which is set at € 3000 per MWh.

8.1.2 Energy prices

The second metric to test the capacity mechanisms is their costs to society. The costs to
society are measured by the total cumulative costs of each mechanism. The cost price of the
capacity mechanisms is not only dependent on the electricity price on the spot market, but
also the added costs of the operation of the capacity mechanisms. In Figure 8.12 the average
electricity prices per MWh per year on the spot market can be seen.
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Yearly average electricity price per MWh
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Figure 8.12: The yearly average electricity price on the spot market in Euro per MWh. The represented data are
yearly data points extracted from the simulation results.

In Figure 8.12 the results of the large investment round at the beginning of the simulations
can be clearly seen in the price drop in the forward capacity market and the German strategic
reserve. The forward capacity market and German strategic reserve have much lower spot
market prices than the other mechanisms. The price of electricity on the spot market in the
forward capacity market and German strategic reserve hovers around € 10 per MWh, this is
about four times lower than the price of the other mechanisms, since those prices hover around
€40 per MWh.

Due to a large energy shortage the spot market prices of the basic strategic reserve have
a large spike in 2034 and 2035. In each of the two years the strategic reserve is activated for
316 hours and there is an energy shortage for 186 hours. These are the biggest shortages of
all mechanisms and of all years. The shortages are caused by the large decommissioning of
conventional power plants in the basic strategic reserve from 2033 to 2034, as can be seen in
Figure 8.7.

However, to determine the total costs to society, the costs of implementing the mechanism
also has to be accounted for. In Figure 8.13 the total cumulative costs per mechanism can be
seen. This includes the price of electricity on the spot market and the additional costs for the
mechanism, either being it the prices paid on the capacity market or the costs of contracting
a strategic reserve.
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Cumulative costs per capacity mechanism in billion Euros
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Figure 8.13: Cumulative costs per capacity mechanism in billion Euros. The represented data are yearly data
points extracted from the simulation results.

As can be seen in Figure 8.13, due to the low spot market prices the cumulative costs
of the forward capacity market and German strategic reserve are much lower than the other
mechanisms. The consequence of the large spike on the spot market is also visible for the cu-
mulative costs of the basic strategic reserve, which makes it the most expensive mechanism.
So the price differences between the mechanisms are mainly caused by the price differences
of energy on the spot market.

To determine whether conclusions regarding costs of the capacity mechanisms can be
drawn from these given figures, the capacity mechanism specific additional costs should be
examined.

Mechanism specific costs

The implementation of the capacity mechanisms lead to additional costs for electricity. In the
case of a capacity market this will be the price the capacity is sold for on the market and in the
case of a strategic reserve it will be the contracting of the power plants as a reserve. These
yearly costs can be seen in Figure 8.14. When the costs are positive in the figure, it means that
the mechanism costs money, but when the costs are negative it means that the mechanism
makes profit in that year. In this figure the yearly costs of the yearly and forward capacity
markets are mostly overlapped by the costs of the Swedish strategic reserve.



8.1. Simulations without demand trend 71

Yearly cost of the capacity mechanism in million Euros
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Figure 8.14: Yearly costs per capacity mechanism in million Euros. The represented data are yearly data points
extracted from the simulation results.

From Figure 8.14 can be learned that the annual cost price of either of the yearly and
forward capacity market is almost nothing compared to the strategic reserve prices.

In the years with an energy shortage in the basic strategic reserve, which are 2034 and
2035, it can be seen that the strategic reserve operator makes profit. Furthermore, the German
strategic reserve has very high yearly costs in many years, but it is still one of the cheapest
mechanisms on total cumulative costs. So the low prices on the spot market can sufficiently
compensate for the higher costs associated to the contracting of the German strategic reserve.
While when a strategic reserve operator loses money in a certain year, the costs will be passed
on to the consumers via the network or system tariffs.

To have a better view of the profitability of the mechanisms, the cumulative profit per mech-
anism can be seen in Figure 8.15. The profits in this figure only contain the mechanism spe-
cific profits, not the profits of electricity spot market. In this figure the cumulative profits of
the yearly and forward capacity markets are mostly overlapped by the costs of the Swedish
strategic reserve.
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Cumulative profit of the capacity mechanism in billion Euros
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Figure 8.15: Cumulative profit per capacity mechanism in billion Euros. The represented data are yearly data
points extracted from the simulation results.

Figure 8.15 shows that the specific cost price of the yearly and forward capacity market
is almost nothing compared to the costs of the strategic reserves. Even though the German
strategic reserve has very high costs of contracting plants in the reserve, the combination with
very low spot market prices still make it one of the least costly mechanisms to society. This is
due to the most expensive power plants being contracted in the reserve and decommissioned
after afew years. However, the forward capacity market s a little cheaper, since it has relatively
very little mechanism specific costs and also low spot market prices. Therefore, in this scenario
the forward capacity market is the cheapest mechanism for society.

8.1.3 Closeness to reality

To test how far off the simulations are from the expected future energy scenarios, the results
should be compared with the key parameters of the defined scenarios. In Table 8.1 the results
of the simulations can be seen. When comparing the results with the key parameters of the
average baseline scenario, it can immediately be observed that some of the values differ heav-
ily. The average decrease in energy usage of the scenarios is 26.8%, but in the simulations
there is no decrease in energy usage. This is, however, due to the input of the simulations. In
the simulations the same input load demand of 2020 is used for every year.

In the scenarios the CO,-emission is in 2050 on average lowered by 96.3%, when com-
pared to the values of 1990. Since the CO,-emission of the Netherlands in 1990 was 162.7
Mton, according to the CBS [88], the simulations actually realise quite a significant decrease
in CO,-emissions, despite the still high share of conventional energy. Nonetheless, the goal
of reducing the CO,-emissions with 96% to 99%, as set in the climate goals, is reached only
by some of the simulations. The forward capacity market and the German strategic reserve
score the best in lowering CO,-emissions, in the German strategic reserve the emissions are
even lowered to zero in 2050. This shows that it is possible to achieve the climate policy goals
by 2050 in the Netherlands, but not when only an energy-only market is implemented.

The share of renewable energy sources in the future scenarios is easily reached by some of
the simulations. The future scenarios have an average renewable electricity share of 127.9%,
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while three of the mechanisms reach higher values. This share of renewable electricity is
calculated by dividing the capacity of the installed renewable energy sources with the peak
load volume, which is 20.31 GW.

Nevertheless, the simulations outperform the predicted future scenarios on annual energy
costs and LOLE by far. The average annual energy costs of the scenarios is € 53.5 bln, which
is much higher than the annual energy costs of the simulations. Due to the very high installed
capacity levels in the forward capacity market and German strategic reserve, the annual elec-
tricity costs drop below € 1 bin. This sends off the wrong message to investors, since the goal
is to offer sufficient investment incentive on the long-term for investors in generation capacity,
to increase the security of supply.

Furthermore, due to the heavy investment in controllable power plants most mechanisms
have a LOLE of zero hours in the simulations, except for the Swedish strategic reserve, which
has a LOLE of 11 hours. This is still much lower than the average of the expected scenarios,
since in the future scenarios it is on average 68.5 hours.

To be able to better compare the simulations with a real scenario, subsequently all the
capacity mechanisms are run in a scenario comparable to the international governance sce-

nario.

2050 Baseline | Energy- | Capacity | Forward | Strategic| German | Swedish
sce- only market capac- reserve | strate- strate-
nario market ity gic gic

market reserve | reserve

Energy -26.80% | -0.00% -0.00% -0.00% -0.00% -0.00% -0.00%

usage com-

pared to

2020

CO,- 6.020 21.244 20.767 0.665 18.391 0.00 27.857

emission Mton Mton Mton Mton Mton Mton Mton

CO, com- | -96.30% | -86.94% | -87.24% | -99.59% | -88.70% | -100.0% | -82.88%

pared to

1990

Renewable 127.90% | 125.11% | 134.96% | 218.97% | 82.79% | 268.10% | 46.05%

electricity

share

Annual en- | €53.3 €3.92 €4.10 €0.90 €4.18 €0.25 €5.21

ergy costs bin bin bin bin bin bin bin

Loss of Load | 68.5 hr 0 hr 0 hr 0 hr 0 hr 0 hr 11 hr

Expectation

(LOLE)

Installed VRE | 29466.1 | 23235.5 | 25235.5 | 27235.5 | 11847.5 | 16235.5 | 7214.3

capacity MW MW MW MW MW MW MW

Installed 5198.9 20571.0 | 22450.0 | 33275.0 | 23008.6 | 46765.0 | 19465.4

controllable MW MW MW MW MW MW MW

capacity

Table 8.1: Resulting parameters of the simulations of the different mechanisms in the scenario without an energy

demand trend.
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8.2 Simulations with descending demand trend

Next up, all the capacity mechanisms were run with a descending energy demand trend. This
trend is based on the international governance scenario and descends linearly towards -12.1%
in 2050 in comparison to the load demand curve of 2020.

The following sections analyse the security of supply, the energy prices and the closeness
to reality of the simulations.

8.2.1 Security of supply
To test the security of supply in this scenario that is closer to the expected scenario for the
Netherlands in 2050, firstly the total installed capacity is analysed.

The total installed and operational capacity per capacity mechanisms can be seen in Figure
8.16.

Total installed capacity in GW

==@=Energy-only market ®= Capacity market Forward capacity market

Strategic reserve «=@=German strategic reserve ==@==Swedish strategic reserve

Figure 8.16: Total installed generation capacity per capacity mechanism in GW. The represented data are yearly
data points extracted from the simulation results.

As can be seen in Figure 8.16, there is not one mechanism with the highest installed
capacity over all years. But the basic strategic reserve has the highest installed capacity for
almost half the years of the simulation. Furthermore, the basic strategic reserve ends the
simulation with the highest capacity and, more importantly, in the steady state period from
2038 to 2046 it has the highest capacity.

The Swedish strategic reserve clearly has the lowest installed capacity through the course
of the simulation.

The installed capacity versus the energy demand is displayed as the supply ratio in Figure
8.17.
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Figure 8.17: Supply ratio per capacity mechanism, calculated by dividing the total installed capacity by the peak
energy demand. The represented data are yearly data points extracted from the simulation results.

Since the installed capacity stays roughly the same for multiple years in all the capacity
mechanisms, while the demand linearly descends, the supply ratio grows steadily in all the
mechanisms, as can be seen in Figure 8.17. Furthermore, the graph of the supply ratio shows
the same results as the graph of the installed capacity. Namely, that the basic strategic has
the highest supply ratio during the steady state years, while the Swedish strategic reserve has
by far the lowest.

The second research question is focused on determining if there would be any energy
shortage at peak times when there is only an energy-only market active. To evaluate the
adequacy of the installed capacity, the different installed energy sources need to be examined.

Variable renewable energy sources

The energy sources that count as variable renewable energy sources are on- and offshore
wind farms, PV installations and run-of-river hydroelectricity. The installed variable renewable
energy capacity per capacity mechanism can be seen in Figure 8.18. In this figure the capacity
of the yearly capacity market and forward capacity market are overlapping.
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Installed capacity of variable renewable energy sources in GW
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Figure 8.18: Operational variable renewable generation capacity per capacity mechanism in GW. The represented
data are yearly data points extracted from the simulation results.

In Figure 8.18 can be seen that the Swedish strategic reserve has continuously the lowest
installed VRE capacity. Although this mechanism should promote investments in renewable
energy sources, it clearly has a negative influence on the investments in VRE. The basic
strategic reserve has the highest VRE capacity in most years of the simulation, however, just
in the last year it is passed by the German strategic reserve.

Having a high capacity of variable renewable energy sources, however, does not mean
the system has a high security of supply. This is because these sources do not insure energy
production during a "dunkelflaute” scenario. But it does mean the basic strategic reserve is
the greenest of the mechanisms in most years, which is supported by the production of the
variable renewable energy sources, as can be seen in Figure 8.19.
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Yearly production of variable renewable energy sources in TWh/year
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Figure 8.19: Yearly variable renewable energy production per capacity mechanism in TWh. The represented data
are yearly data points extracted from the simulation results.

From Figure 8.19 can be learned that the share of variable renewable energy grows through
the years for all mechanisms. Since the total production of energy decreases, evenly with the
demand, while the production of renewable energy stays roughly the same.

Although the yearly and forward capacity market have the same installed VRE capacity, in
the yearly capacity market the energy production is higher from 2025 onward. So the yearly
capacity market is more favourable of VRE. Furthermore, the German strategic reserve has
the lowest use of VRE through the years, but has a massive rise in their usage in the last few
years. So when the mechanism is given time to exercise its influence, it will be very favourable
for VRE in the future.

Controllable renewable energy sources

Biomass and hydro storage energy are the sources that are counted as controllable renewable
energy sources. The installed capacity of controllable renewable energy sources can be seen
in Figure 8.20. The capacities of the energy-only market, yearly capacity market and the
Swedish strategic reserve are overlapping.



78 8. Results

Installed capacity of controllable renewable energy sources in GW
22

20 PP DU D P .

18
16
14
12

Power (GW)

o N B O

NS A S N SR s S S-SR SV SN S
O M M S e T S M M A PN PN N PN S
FFFLITITILL ST ST S S

>
S Q

v
Year

=@ Energy-only market =@ Capacity market Forward capacity market

Strategic reserve =—@=— German strategic reserve ==@==Swedish strategic reserve

Figure 8.20: Operational controllable renewable generation capacity per capacity mechanism in GW. The repre-
sented data are yearly data points extracted from the simulation results.

As can be seen in Figure 8.20, the installed capacity of controllable renewable energy
sources in the energy-only market, yearly capacity market and the Swedish strategic reserve
are constant through the years. So in these mechanisms CRE is profitable enough to not
decommission the plants, but not profitable enough to invest more in it.

In the German strategic reserve the installed capacity of CRE is highest through the years.
This is because in this mechanism a part of the conventional capacity is taken off the market
and put in the reserve, so another form of controllable energy is needed. Since the capacity
of CRE is so high in the German strategic reserve, there is also less energy needed from VRE
sources, therefore, the generation of VRE was low. However, this installed capacity of CRE
consists for 99.8% of biomass energy, which is not very realistic for the Netherlands. At the
end of the simulation almost all biomass plants get decommissioned in the German strategic
reserve, but a drop in production of CRE goes prior to this event. This can be seen in Figure
8.21. The decommissioning of the biomass power plants was compensated by investments
in VRE capacity, as can be seen in Figure 8.18.

Furthermore, the generation of CRE in the different mechanisms corresponds closely to
their installed capacity levels.
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Yearly production of controllable renewable energy sources in TWh/year
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Figure 8.21: Yearly variable controllable energy production per capacity mechanism in TWh. The represented
data are yearly data points extracted from the simulation results.

Conventional energy sources

The remaining power plants are the conventional energy sources, these are coal, CCGT,
OCGT, nuclear, lignite, fuel oil and lithium battery energy sources. Figure 8.22 shows the
installed capacity of the conventional energy sources for all mechanisms.
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Figure 8.22: Operational conventional generation capacity per capacity mechanism in GW. The represented data
are yearly data points extracted from the simulation results.

Figure 8.22 shows that actually the energy-only market has the highest installed capacity
of conventional energy sources during the steady state years and at the end of the simulation.
Since most capacity mechanisms have higher levels of installed VRE and CRE, this means
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most capacity mechanisms offer a higher incentive for investments in renewable energy than
the energy-only market will.

The Swedish strategic reserve has a relatively high installed capacity of conventional
plants. So, although this mechanism should promote investments in renewable energy sources,
it actually promotes investment in conventional power plants.

The German strategic reserve has the highest decommissioning of conventional power
plants, which means the mechanism functions and conventional plants do get contracted in
the strategic reserve and, because of that, decommissioned sooner than they normally would.
However, due to an energy shortage there is a large investment round in the last few years in
conventional power. This results in an investment cycle and could delay a near zero-carbon
energy system.

In Figure 8.23 the production of the conventional power plants can be seen.

Yearly production of conventional energy sources in TWh/year
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Figure 8.23: Yearly conventional energy production per capacity mechanism in TWh. The represented data are
yearly data points extracted from the simulation results.

Figure 8.23 shows that in a scenario with a descending energy demand, the reduced de-
mand is firstly chipped away from the production of conventional power plants.

The production of conventional power plants is the highest in the Swedish strategic reserve,
which makes this mechanism the worst for reaching the climate policy goals.

Since a large part of the conventional power plants are contracted in the German strategic
reserve, their dispatch is very low and so is the produced energy coming from conventional
power plants. This only changed in the last year, due to the large investment in conventional
power plants there is a lot of capacity which is not contracted in the reserve and that can freely
participate in the spot market.

Contracted technologies

The differences in the results of the capacity mechanisms are caused by the money different
generating technologies earn through the mechanisms. To see where the difference comes
from, the average contracted capacities over the years can be seen in Figure 8.24 and 8.25.
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Figure 8.24: Average of the yearly procured capacity in capacity markets over the years 2020 to 2050 in MW.

As can be seen in Figure 8.24 the average total amount of capacity sold on the yearly
capacity market is much higher than the average capacity sold on the forward capacity market.
On the yearly capacity market all installed generation technologies are represented, while on
the forward capacity market only conventional capacity is sold. This is due to the renewable

power plants not being allowed to participate in the forward capacity market if they receive
supportive subsidies.
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Figure 8.25: Average of the yearly contracted capacity in strategic reserves over the years 2020 to 2050 in MW.

Figure 8.25 shows that the amount of capacity contracted in the German strategic reserve
is on average higher than in the other two strategic reserves. This is due to the long term
contracts in the German strategic reserve, when a power plant is contracted it is in the strategic
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reserve until the end of its lifetime.

Although all power plants may participate in the basic strategic reserve, the average con-
tracted capacity almost solely consists of biomass power plants. The basic strategic reserve
contracts the power plants with the highest combined fixed and variable costs first, so this
means the operating costs of biomass power plants are the highest.

In the scenario without a demand trend, the Swedish strategic reserve consisted mostly of
PV capacity, however, in this scenario with a descending demand trend it consists mostly of
offshore wind capacity.

Installed capacity in 2050
The resulting installed capacity at the end of the simulations can be seen in Figure 8.26.
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Figure 8.26: Installed and operational generation capacity in the Netherlands in 2050 in GW.

Figure 8.26 learns us that that the basic strategic reserve has the highest total installed
capacity, due to a large amount of PV capacity. The forward capacity market has the high-
est installed capacity of controllable energy sources. However, this controllable capacity of
the forward capacity market mostly consists of biomass, which is less realistic to actually be
installed than the amounts of capacity the basic strategic reserve has of CCGT and OCGT
power plants. Because a high level of biomass capacity means a large feedstock in the form
of wood pellets is needed, which requires large areas of forest to be cut down. This could
result in deforestation.

The German strategic reserve has the highest level of installed VRE capacity. This is due
to the large amount of PV capacity, next to it being the mechanism with the highest invest-
ment in offshore wind capacity. However, the German strategic reserve has the lowest level of
installed controllable capacity, which can cause shortage hours in a "dunkelflaute” scenario.
Furthermore, the German strategic reserve is the only mechanism that decommissions the
nuclear power plant that was already installed in 2020. This was done after the nuclear power
plant was contracted in the reserve, because it was expensive to operate.

To get back to the second research question, is has to be determined whether there would
be any shortage hours when the results of the energy only-market are run in a "dunkelflaute”
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scenario in 2050. In the "dunkelflaute” scenario not only the demand is higher for longer
periods of time, but there will be no wind or solar energy available during this period. Thus
the energy-only market scenario was run for one year in 2050 with the installed capacity that
resulted from the simulation and a so called "dunkelflaute” scenario as input for the demand.
When running the "dunkelflaute” scenario there did not occur any shortage hours, as was the
case during the normal simulation.

During the cold winter in January in the scenario the peak load volume is V,; = 18354.6 MW/
The installed capacity in the energy-only market is Cyprq; = 42806.4 MW, of which the vari-
able renewable energy capacity is C,,.., = 22235.5 MW, the controllable renewable energy
capacity is C.r, = 2168.9 MW and the conventional energy capacity is C.,, = 18402.0 MV
So when there is no solar or wind energy available, C,,. becomes zero and there is still
Caunketfiaute = Cere + Ceon = 20570.9 MW available. This is still higher than the peak load
volume of the harsh winter, thus there will be no shortage of energy, according to the energy-
only market simulation. Furthermore, according to the simulations the energy-only market will
even have a higher security of supply on the long-term than the German and the Swedish
strategic reserve mechanisms. Since the energy-only market has a higher level of installed
controllable capacity than the German and the Swedish strategic reserves.

Another way to define shortage hours is when the price of electricity on the spot market
reaches the VoLL. However, in the energy-only market the electricity prices never reach the
predefined VoLL of € 3000 per MWh, at which the spot market prices are capped. This was
tested for all mechanisms, but only in the German and the Swedish strategic reserves there
were hours the prices reached the VoLL, this is due to these two mechanisms having the
lowest level of installed controllable capacity. To be precise, in the "dunkelflaute” scenario the
German strategic reserve had 917 shortage hours and the Swedish strategic reserve had 238
shortage hours in 2050, in which the spot market prices reached the VoLL.

So according to this measurement, except for the German and Swedish strategic reserves,
all other mechanisms offer an adequate security of supply, in which no shortage hours will
occur during a "dunkelflaute” scenario.

8.2.2 Energy prices
To test the costs to society of the mechanisms multiple aspects of the prices will be analysed.
In Figure 8.27 the average electricity prices per year on the spot market can be seen.



84 8. Results

Yearly average electricity price per MWh
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Figure 8.27: The yearly average electricity price on the spot market in Euro per MWh. The represented data are
yearly data points extracted from the simulation results.

In Figure 8.27 the results of the large investments at the beginning of the simulations in
biomass energy can be clearly seen in the price drops of the German strategic reserve and the
forward capacity market. Therefore, these two mechanisms have much lower energy prices
on the spot market, when compared to the other mechanisms. The energy-only market, yearly
capacity market, basic strategic reserve and Swedish strategic reserve all have quite constant
spot market prices of around €40 per MWh. Although the demand is descending, the price
per MWh stays nearly constant for most mechanisms through the years.

Through the years the Swedish strategic reserve has persistently the highest spot market
prices, due to a portion of renewable energy sources being taken off the market and contracted
into the reserve. Furthermore, due to a high energy shortage of 345 hours in 2049 in the
forward capacity market, there is a huge price spike on the spot market.

To determine which mechanisms has the lowest total costs to society, the costs of imple-
menting the mechanism also has to be accounted for. In Figure 8.28 the total cumulative costs
per mechanism can be seen. This includes the price of electricity on the spot market and the
additional costs for the mechanism. In this figure the costs of the strategic reserve mecha-
nisms are socialised, like they would in reality by the TSO by being passed on to network or
system tariffs.
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Cumulative costs per capacity mechanism in billion Euros
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Figure 8.28: Cumulative costs per capacity mechanism in billion Euros. The represented data are yearly data
points extracted from the simulation results.

As can be seen in Figure 8.28, the cumulative costs of the forward capacity market and
the German strategic reserve are much lower compared to the other mechanisms. This is due
to the forward capacity market and German strategic reserve having a much lower price per
MWh on the spot market most of the years.

The Swedish strategic reserve is clearly the most expensive to society, while it is also the
worst mechanism for the environment and for ensuring security of supply.

To further analyse where the price differences come from, the capacity mechanism specific
additional costs should be examined.

Mechanism specific costs

The yearly additional costs of the mechanisms can be seen in Figure 8.29. When the costs
are positive in the figure, it means that the mechanisms costs money, but when the costs are
negative it means that the mechanism makes profit in that year. In this figure the yearly costs
of the yearly and forward capacity markets are overlapping.
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Yearly cost of the capacity mechanism in million Euros
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Figure 8.29: Yearly costs per capacity mechanism in million Euros. The represented data are yearly data points
extracted from the simulation results.

Figure 8.29 shows that the yearly additional costs of the yearly and forward capacity mar-
ket are very little in comparison to the costs or profits of the strategic reserves. When the
contracted plants in the strategic reserves are not dispatched, or only very little, the reserves
make losses, due to the strategic reserve operator always having to pay the fixed operating
costs of the power plants. Since the German strategic reserve has a higher contracted capac-
ity from 2035 onward, in comparison to the other strategic reserves, it also has much higher
yearly costs. In 2050 the German strategic reserve is largely dispatched, therefore, it makes
a lot of profit. This is due to the operator earning € 800 per MWh, while the marginal operat-
ing costs per MWh are much lower. These high profits are meant to cover the costs of the
strategic reserves, but this is not the case, as can be seen in Figure 8.30.

Figure 8.30 shows the cumulative profits of the different capacity mechanisms. The profits
in this figure only contain the mechanism specific profits, not the profits of electricity spot
market. In this figure the profits of the yearly and forward capacity markets are overlapping
again.
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Figure 8.30: Cumulative profit per capacity mechanism in billion Euros. The represented data are yearly data
points extracted from the simulation results.

As can be seen in Figure 8.30, the costs of the yearly and forward capacity markets are
really small compared to the costs of the strategic reserves. The figure shows that the strategic
reserves all make losses and, therefore, the network or system tariffs have to be increased to
cover the costs of the reserves in a socialised way.

Although the German strategic reserve has very high costs of contracting the reserve, in
combination with the very low spot market prices it is the cheapest mechanism to society in
this scenario.

8.2.3 Closeness to reality

This time the scenario that was used as input for the demand is based on the expected future
energy scenario for the Dutch energy system according to the international governance. The
results of the simulations can be seen in Table 8.2. As can be seen in the table, all the sce-
narios have an energy demand in 2050 which is 12.1% lower than the demand was in 2020,
same as in the international governance scenario.

Only the forward capacity market reaches the CO,-emission goals, but the German strate-
gic reserve comes very close to the goal. In the international governance scenario the CO,-
emissions have dropped with 95.2%, but in the simulations the forward capacity market reaches
the highest level of CO,-emission reduction of 99.7%.

Nonetheless, the simulations outperform the international governance scenario on the
other metrics. Except for the Swedish strategic reserve, all the mechanisms have a higher
share of renewable electricity, which is 80.7% in the international governance scenario. This
means there is heavy over investment in renewables and especially in solar energy, which
increases the installed capacity, but does not necessarily increase the security of supply.

The mechanisms in the simulations also have a much lower annual cost for energy, since
the annual costs are € 56.4 bln in the international governance scenario. The forward capacity
market has the lowest annual costs by far, at € 0.66 bin.

Furthermore, the LOLE of the international governance scenario is 128 hours, but in the
simulations most mechanisms have a LOLE of zero hours, only the German and Swedish
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strategic reserve have a LOLE of 2 hours in 2050. The LOLE hours of these strategic reserves
are caused by their low installed capacity of controllable energy sources.

2050 Inter- Energy- | Capacity Forward Strategic/| German | Swedish
national | only market | capac- reserve | strate- strate-
gover- market ity gic gic
nance market reserve | reserve

Energy -12.10% | -12.10% | -12.10% | -12.10% | -12.10% | -12.10% | -12.10%

usage com-

pared to

2020

CO,- 7.810 16.936 16.638 0.417 9.283 19.818 22.496

emission Mton Mton Mton Mton Mton Mton Mton

CO, com- | -95.20% | -89.59% | -89.77% | -99.74% | -94.74% | -87.82% | -86.17%

pared to

1990

Renewable 80.70% | 120.18% | 130.03% | 199.28% | 178.00% | 160.98% | 50.85%

electricity

share

Annual en- | €56.4 €3.40 €3.56 €0.66 €2.82 €4.30 €3.91

ergy costs bin bin bin bin bin bin bin

Loss of Load | 128 hr 0 hr 0 hr 0 hr 0 hr 2 hr 2hr

Expectation

(LOLE)

Installed VRE | 21131.0 | 22235.5 | 24235.5 | 24235.5 | 31181.9 | 32483.5 | 8214.3

capacity MW MW MW MW MW MW MW

Installed 8678.0 20571.0 | 20130.0 | 25275.0 | 21104.4 | 15765.0 | 17737.4

controllable MW MW MW MW MW MW MW

capacity

Table 8.2: Resulting parameters of the simulations of the different mechanisms in the scenario with a descending
energy demand trend.




Conclusion

The goal of this dissertation was to evaluate the adequacy of the Dutch energy system during
the transition to a zero-carbon energy system in a realistic scenario. The information needed
to answer the three supportive research questions was gathered by doing an extensive liter-
ature study and by simulating models of the Dutch energy system until 2050. The findings for
the supportive research questions will be merged into a recommendation for keeping sufficient
incentive for investors to invest in controllable power generation during the energy transition.

The first research question was aimed at finding a realistic energy generation scenario for
the Netherlands in 2050. However, since no one can predict the future it is nearly impos-
sible to define one single scenario, but the vertices can be sketched in which the scenario
will lie with a high probability. The vertices are the four so called scenarios, regional gover-
nance, national governance, European CO,-governance and international governance. The
regional governance scenario focuses on delivering heat through heat networks and a heavy
electrification in all sectors. The national governance focuses on heavy electrification in all
consumption sectors, together with a big growth in wind and solar energy generation. In the
European CO,-governance there is an increase in the use of green gas in multiple sectors,
with no CO,-emission due to a combination of hybrid electrification and carbon capture and
storage. The international governance scenario lets the market control the energy generation
mix and the internationally cheapest option will prevail. While the first three scenarios are
more heavily influenced by the government on, respectively, regional, national and European
level, the international governance scenario is very little influenced by any government.

These scenarios were investigated to use as reference and to validate the simulation re-
sults. Since the investment decisions in the simulations are purely profit driven and the cheap-
est options prevail, the simulations have the mostin common with the international governance
scenario. Therefore, all capacity mechanisms were also simulated in a scenario replicating
the international governance scenario.

However, the energy-only market will not converge towards a zero-carbon energy system,
as the mentioned scenarios do, this can be seen in the results in Table 8.2. The energy-only
market even ends the simulation in 2050 with the highest level of installed conventional power
plant capacity of all the simulated mechanisms. So the simulations prove that without any gov-
ernmental interference a (near) zero-carbon energy system will not be achieved, since most
investments in energy generation sources are profit driven.

Secondly, the question whether there will be an energy shortage at peak times when there
is no capacity mechanism in place can be answered. This was done by simulating a so called
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"dunkelflaute” scenario for the Netherlands in 2050. As input the resulting installed power
plants of the simulation of the energy-only market at the end of the descending energy de-
mand trend scenario, replicating the international governance scenario, were used. Through
the course of the simulations no shortage hours occurred. The energy-only market created
enough investment incentive to keep sufficient generation capacity for supplying the demand.
When the "dunkelflaute” scenario was run, again no shortage hours did occur. The installed
controllable renewable and conventional energy sources had enough capacity to generate the
energy needed in the harsh winter.

Even the VoLL was never reached in the electricity spot market prices of the energy-only
market in a "dunkelflaute” scenario. However, the German and Swedish strategic reserves
did have energy shortage hours in which the VoLL was reached in the electricity spot market
in the "dunkelflaute” scenario. In the German strategic reserve there were 917 hours in which
the spot market price had capped at the VoLL and in the Swedish strategic reserve there were
238 hours.

Nevertheless, in the simulations there were still heavy investments in gas-fired power
plants, so in a scenario which is going to a near zero-carbon energy system it might be the case
that there are more energy shortages at peak times. To prevent shortages in "dunkelflaute”
scenarios in the future, heavy investment is needed in controllable renewable energy sources,
like biomass power plants and hydro or lithium storage energy. Another possibility is to invest
in technologies that have a lower CO,-emission, like nuclear energy.

Thirdly, the simulation results provided an answer to the question what the least costly ca-
pacity mechanism for the entire society for providing sufficient security of supply would be. The
security of supply of a capacity mechanism is sufficient when no periods of energy shortage
occurred through the course of the simulation.

The yearly capacity market scored very average in all measured metrics and it excels
nowhere, only the costs are on the high side. However, no shortage hours occurred in any of
the simulated scenarios.

The forward capacity market is the second cheapest in cumulative costs over the course
of the simulation with a descending demand trend and also has the second highest level of
total installed capacity, with even the highest level of controllable capacity. Nonetheless, in
2049 a total amount of 345 shortage hours did occur.

The basic strategic has the highest level of total installed capacity in 2050 in the descending
demand trend scenario. From the literature it was expected that a strategic reserve mechanism
would offer a high level of security of supply, but will not provide the highest level of economic
efficiency. However, the cumulative cost price is the third lowest, which means it is definitely
not the most expensive mechanism. Nevertheless, in the scenario without a demand trend
the basic strategic reserve had 443 energy shortage hours over the course of three years and
it ended up in 2050 with the second lowest total installed capacity.

The German strategic reserve had a high level of installed capacity at a very low cost price
to society for both the scenarios. However, in the descending demand trend scenario it had
two shortage hours in 2050 and even worse, in the "dunkelflaute” scenario it had 917 shortage
hours.

The Swedish strategic reserve scored the worst overall, in both scenarios it always had
the lowest level of installed capacity and the highest or second highest cumulative costs. Fur-
thermore, in 2050 in the scenario without a demand trend it had 11 shortage hours and in the
scenario with a descending demand trend 2 shortage hours. In addition, in the "dunkelflaute”
scenario it had 238 shortage hours.

So, according to the simulations in the realistic scenario for the Netherlands with a de-
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scending demand trend, the basic strategic reserve is the cheapest option while providing
sufficient security of supply. The basic strategic reserve resulted in the highest level of in-
stalled capacity, which was sufficient to prevent significant shortage hours in the descending
demand trend scenario and the "dunkelflaute” scenario.

Finally, the main research question still lingers, how to maintain security of supply in the
Netherlands during the transition to a zero-carbon energy system? The simulations showed
that the security of supply in the energy system can be improved by the implementation of a
capacity mechanism, although it could also be worsened by the implementation of the Swedish
strategic reserve. By implementing a yearly capacity market the improvements of security of
supply seem the most promising. The yearly capacity market did not result in the highest
installed capacity, but it was sufficient to prevent shortage hours in all scenarios. Even though
it was not the cheapest option to society, the higher prices offer the financial incentive needed
for investors to keep investing in controllable energy sources.






Discussion

The findings can of course not be an exact representation of the future reality, since the model
is a simplified version of the electricity sector. One such simplification is, for example, the
fact that the model can only either decommission existing or build new power plants, but the
model is not able to refurbish existing power plants. This makes the investment decisions quite
divergent from real life scenarios. In many cases a power plant would get refurbished, instead
of decommissioned, in a real scenario. Since refurbishing a power plant is much cheaper
than decommissioning one and building a new one, this could make it cheaper to have a
larger installed capacity of controllable power plants, which results in an improved security of
supply.

Furthermore, in the defined future scenarios there is also a lot of installed hydrogen power
plant capacity. In reality it is investigated if some gas-fired power plants can be refurbished
to operate as hydrogen fired power plants. However, in the models it is not possible to either
invest in new hydrogen power plants or to refurbish gas-fired power plants to hydrogen fired
power plants. If this would be an option in the models, they could better match with the defined
future scenarios for the Netherlands.

Next up, the model simulates investments in the energy system based on profits. There-
fore, it keeps investing heavily in conventional power plants, and to be specific, mostly in
gas-fired CCGT power plants. To simulate a more accurate energy system that is converging
more towards a zero-carbon energy system, there needs to be more governmental interven-
tion implemented in the model. This intervention needs to make sure that the investors are
not allowed to keep investing in conventional power plants in the amount that was currently
happening in the simulations. When all the simulations have an energy system that is con-
verging towards a zero-carbon energy system, the results of the capacity mechanisms might
be different. Furthermore, the main research question of how to maintain security of supply
in the Netherlands during the transition to a zero-carbon energy system could be answered
more accurately. However, | expect the results stay approximately the same and the yearly
capacity market will again end up as the best option for creating an energy system sufficiently
able to prevent shortage hours in all scenarios.

And lastly, as input for the simulations certain start values of fuel and energy prices were
chosen and to determine the prices in the future years of the simulated periods price trends
were assumed based on historical values. However, how the price of fuels will fluctuate in the
future cannot be predicted. Since the war in Ukraine has started in the beginning of 2022, the
prices of gas and oil haven risen extremely fast. Although these kind of extraordinary worldly

93



94 10. Discussion

events have a very small chance of really happening, only one man in the right (or wrong)
position can have the power to influence the whole energy sector. Therefore, the model will
never be super accurate and it has to be accounted for that one event could render all results
unusable. The current gas prices could also render the gas-fired power plants, which are
invested in by the simulations, not profitable anymore. So, with very high prices for fossil fuels
the model could steer its investments automatically more towards renewable energy sources.

10.1 Future work

As discussed, there are some things that could be improved in the model and added to have
simulations that result in more accurate outputs.

Firstly, the possibility to refurbish older power plants could be added. This could extent the
lifetime of a power plant and make it economically viable again to keep it alive. By refurbishing
a plant its efficiency could be increased, which would result in lower variable costs. The re-
furbishment will be a large investment, but will also result in lower fixed operating costs. This
large investment will also be much lower than building a new power plant. Furthermore, the
possibility to invest in hydrogen fired power plants could be added.

Secondly, a more influential government policy could be implemented. If the investments
could be steered more towards renewable energy sources by some sort of governmental pol-
icy, the resulting simulations would depict a more accurate picture of the reality. Since in
reality the government interferes heavily in the energy sector, which forces investors to invest
mostly in renewable energy nowadays.

Thirdly, the consumers could be modelled as an agent that could participate in the market
and create more interaction between supply and demand. When the consumers are modelled
as agents, it would also be possible to implement the mechanism for the capacity subscription
model. Since this model would convert a public problem into a private problem, it would be
very interesting to see what kind of results this model will have on the market and on the
investments.

Fourthly, the modelled forward capacity market is a simple version, in reality when deci-
sions are made for future years the risks are incorporated in the decision making, which is not
the case in the current model. To increase the accuracy of the capacity that is procured in
four years in the future, a certain risk element should be added to the decision making of the
agents. Because currently the agents have perfect insight on the energy demand in the future
and act on it without hesitation.

Finally, a study could be done on new prices of fossil fuels, which more accurately represent
the current situation. The results of the simulations will probably be very different if the current
fuel prices would be used as input for the simulations. However, the prices are still very volatile,
so an extensive study is needed to come up with an accurate representation of the price
trends.



Simulation Results

A.1 Simulations without demand trend
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1.1 Energy-only market
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Table A.1: Overview of the simulation results of the energy-only market.



A1,

Simulations without demand trend 97

Power (GW)

Installed electricity generation capacity in the Netherlands in GW
50

45

N
o

w
[0

w
o

N
v

N
o

=
[

=
o

W Biomass H Coal CCGT W OCGT M Hydro storage M Nuclear Wind onshore

m Wind offshore = PV M Lignite o Fuel oil H Hydro ROR M Lithium

Figure A.1: Installed generation capacity per year in the energy-only market.
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Figure A.2: Electricity production per year in the energy-only market.
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Figure A.3: Electricity price per MWh per year in the energy-only market.
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Table A.2: Overview of the simulation results of the yearly capacity market.
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Figure A.4: Installed generation capacity per year in the yearly capacity market.

Yearly electricity production in the Netherlands in TWh
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Figure A.5: Electricity production per year in the yearly capacity market.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.6: Electricity price per MWh per year in the yearly capacity market.
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1.3 Forward capacity market
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Table A.3: Overview of the simulation results of the forward capacity market.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.7: Installed generation capacity per year in the forward capacity market.

Yearly electricity production in the Netherlands in TWh
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Figure A.8: Electricity production per year in the forward capacity market.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.9: Electricity price per MWh per year in the forward capacity market.
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Table A.4: Overview of the simulation results of the strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.10: Installed generation capacity per year in the strategic reserve.

Yearly electricity production in the Netherlands in TWh
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Figure A.11: Electricity production per year in the strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.12: Electricity price per MWh per year in the strategic reserve.
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Table A.5: Overview of the simulation results of the German strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.13: Installed generation capacity per year in the German strategic reserve.
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Figure A.14: Electricity production per year in the German strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.15: Electricity price per MWh per year in the German strategic reserve.
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A.1. Simulations without demand trend

1.6 Swedish strategic reserve

Sl 600C1859- | 06°¢ClCl 6 |298€LE’L L | 222°6,99¢C 29 | £68'8F | 86695129025 | 6,0L6%¥90L | 0S0C
Sl 86911929- | v.'€lCl 0l |806€LEL L | 29G°0899¢C 19 | €688V | ¥¥681.2902S | 180L6¥90L | 610Z
0 9017269~ | ¥E'SLCI Ll 16048S9°L 0 | 291°¢89¢¢E 69 | vPP'Cr | 00€CL002CSY | €0SY6190L | 8¥0C
0 GG619€/9- | 62'8lCL €l 10/81l97'L 0| 211°9896¢C VL | ¥¥¥'2y | 0022.002SY | €0S16%901 | L+0Z
0 G069.¢599- | 62'8lCL €l 108L9%'L 0| 211'9896¢ VL | v’y | 00¢2L002SY | €0S¥6¥90L | 910Z
0 /00S19€9- | 0L9l¢CL €l |CLyeorL 0| 21179696¢C 89 | v¥¥' ¢y | 00€2L002CSY | €0SY6190L | S¥0C
0 S.v/2EL9- | 0L°9lcCL €l |Clyeor’L 0| 211'9696¢ 89 | ¢hb'cy | €0€2/86LSY | €0SY6190L | ¥¥0C
0 90810€6S- | S€°/1cl €l 10eS2or’'L 0| 21978696¢ 69 | Sy Cr | £€0€L/861SY | €0SY6190L | €¥0C
0 0861G6/9G- | s€'Llcl €l 10€5eor’'L 0| 215°8696¢ 69 | ¢hv'cy | €0€2/861SY | €0SY6190L | Z¥0C
0 €96980%S- | S0'8lLcl 71 1995297’ L 0| 212'6696C 0L | Cvy'Cy | €0€L286LSY | €0SY6190L | L¥0C
0 €2918¢1S- | S0O'8LcCL ¥l 1G9G29¥’L 0 | Zl2'6696¢C 0L | OFPCy | 9812296LSY | €0S1¥6%90L | 0102
0 £€802S88Y- | S99121 7l | 71929%°'L 0| Z21200.6¢C LL | Ovv'ey | 9812C96LSY | €0S¥6¥90L | 6E£0Z
0 81G98/G¥- | 99'9l¢CL 7l | 719297°L 0| Zl200.6¢C LL | Ovv'2y | 98122961SGY | €0S167901 | 8€0C
0 86./9G¢Y- | S9'9l¢CL vl [ 71929%°'L 0| Z21200.46¢C VL | Ovv'ey | 9812C96LSY | €0S¥6¥90L | LEOC
0 6.08816€- | 99'9lCL 7l 7192971 0| Zl200.6¢C LL | Ovv'ey | 98122961SY | €0S6%901 | 9€0Z
0 V.£6€99€- | §9912l vl | ¥1929%°'L 0| Z12'00.46¢C VL | Ovv'2y | 9812296LSY | €0S1¥6¥90L | GE0C
0 €ecelele- | 9912l 7l 719297 L 0| Zlc00.6¢C LL | Ovv'cy | 9812C96LSY | €0S¥6¥90L | ¥€0Z
0 98/0008¢- | S991¢l vl | ¥1929%°'L 0| Z12’00.6¢C LL | Ov¥'eh | 9812C96LSY | €0S¥61¥90L | €€0Z
0 91/¢68¢€¢- | 59912l 7l 719297 L 0| Zlc00.6¢C LL | Ovv'ey | 9812C96LSY | €0S¥6¥90L | 2€0Z
0 €¥26.G61- | 9912l 7l 1912671 0 | ZlZ00g0€E Z¢L | Ob¥'ch | 981229615y | €0S¥6%#90L | 1€0C
0 96005051~ | 9912l vl [ 19lcev’L 0 | ZLl2'00€0€ ¢L | Obv'eh | 981229615y | €0SY6¥90L | 0€0C
0 Z6v¥620L- | 9912l 7l 11912671 0 | ZlZ'00€0€ Z¢L | Ob¥'ch | 981229615y | €0S¥6¥790L | 6202
0 80LL0ES- | S9'9l¢Cl vl 1 19lcey’L 0 | ZLlZ'00€0€ ¢l | Obv'ech | 981229615y | €0S¥6¥90L | 8202
0 #G08S- | 6812l Gl |0cceer’L 0| ZL¥'10€0€E €L | ObP'Cr | 981229618y | €0S¥6190L | L20C
0 €1988YS | G8°Ll¢Cl Gl |0cceer’L 0| ZL¥'10E0€E €L | ObP'cy | 981229615 | €0S¥6190L | 9202
0 cloclell | G8° 212l Sl 1266625 0| Z2L¥'890L€ L. | ObP'Cy | ¥11G6S6LSY | €0SY6190L | SC0C
0 88861051 | 18'60CL 6l [¥#10289'L 0 | ZL¥'SSLvE Z¢8 | S0¢'6E | 6401S92S8LY | €0S¥6¥90L | 202
0 Ggccsesie | 18'60¢CL 61 710289} 0| ZL¥'SSLYE ¢8 | S0¢€'6€ | 6£01592G8LY | €0SY6¥90L | €202
1% 6287v£8¢C | 186021 6l |€62.E€L ¢ | LIv'SSl.ic 28 | S¥L0F | 909¢el6EEY | 809€6790L | €202
14 L0ELELYE | L8'60CL 61 |€6CLECL Z | LIV¥'SSL.ic 28 | S¥.0F | 909CEL6EEY | 809€6¥90L | L20C
4 9/¢/8vl¥ | 186021 6l |£6CLECL ¢ | LIv'SSlL.ic G/ | S8€0¥ | 6£0€0L00€y | 809€6%90L | 0C0C
(UMmIn/3)
ys u Aoy
pajeA sjueld (MW) | sped  -o99 (Umm)
-Ijoe  YS (MIN) | 1omod Ayoedes | samod Jo (3) @o1ud awin|oA
sinoy jo (3) yseo | awnjoA Jo onel sinoy pajiels Jo aoud Bulies|o Burieajo
Jaquinp | Jojesado ysS yS 4equnpN | A ddng abeuoysg | -ul  |ejol JaquinN @besany 1oMIe o)l | Jeap

Table A.6: Overview of the simulation results of the Swedish strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.16: Installed generation capacity per year in the Swedish strategic reserve.
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Figure A.17: Electricity production per year in the Swedish strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.18: Electricity price per MWh per year in the Swedish strategic reserve.
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Table A.7: Overview of the simulation results of the energy-only market.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.19: Installed generation capacity per year in the energy-only market.

Yearly electricity production in the Netherlands in TWh
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Figure A.20: Electricity production per year in the energy-only market.
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Figure A.21: Electricity price per MWh per year in the energy-only market.
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A.2.2 Yearly capacity market
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Table A.8: Overview of the simulation results of the yearly capacity market.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.22: Installed generation capacity per year in the yearly capacity market.

Yearly electricity production in the Netherlands in TWh
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Figure A.23: Electricity production per year in the yearly capacity market.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.24: Electricity price per MWh per year in the yearly capacity market.
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A.2.3 Forward capacity market
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Table A.9: Overview of the simulation results of the forward capacity market.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.25: Installed generation capacity per year in the forward capacity market.

Yearly electricity production in the Netherlands in TWh
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Figure A.26: Electricity production per year in the forward capacity market.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.27: Electricity price per MWh per year in the forward capacity market.
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A.2.4 Strategic reserve
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Table A.10: Overview of the simulation results of the strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.28: Installed generation capacity per year in the strategic reserve.

Yearly electricity production in the Netherlands in TWh
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Figure A.29: Electricity production per year in the strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.30: Electricity price per MWh per year in the strategic reserve.
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A.2.5 German strategic reserve
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Table A.11: Overview of the simulation results of the German strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.31: Installed generation capacity per year in the German strategic reserve.
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Figure A.32: Electricity production per year in the German strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.33: Electricity price per MWh per year in the German strategic reserve.
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Table A.12: Overview of the simulation results of the Swedish strategic reserve.
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Installed electricity generation capacity in the Netherlands in GW
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Figure A.34: Installed generation capacity per year in the Swedish strategic reserve.

Yearly electricity production in the Netherlands in TWh
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Figure A.35: Electricity production per year in the Swedish strategic reserve.
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Electricity price per generating technology in the Netherlands per MWh
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Figure A.36: Electricity price per MWh per year in the Swedish strategic reserve.






Simulation Instructions

This instruction will explain in a step-wise manner how to run the simulations in the Spine
Toolbox. For the most up-to-date instructions of the needed files and environments, go to:
https://github.com/TradeRES/toolbox-amiris—-emlab#readme

1.

Install Anaconda

Download and install the Python platform Anaconda from:
https://www.anaconda.com/products/distributionfwindows

Install Java

Make sure version 8 of Java is installed on your computer. If not it can be downloaded
and installed from:
https://www.java.com/en/download/manual.jsp

Download AMIRIS-EMLab toolbox

Download or clone the Git repository AMIRIS-EMLab toolbox to your machine from:
https://github.com/TradeRES/toolbox—-amiris—-emlab

. Open the Windows command prompt (CMD)

When you are working on a remote PC of the TU Delft it is very important that you open
the command prompt with administrator rights, for both the installation of the models and
running them.

Create AMIRIS environment (iovrmr)

In the command prompt go to the toolbox-amiris-emlab folder with:

cd location\toolbox-amiris—-emlab

When in the folder create the virtual conda environment with the following command:

conda env create -f environment.yml
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6. Create EMLABpy environment (emlabpy)
To create the EMLABpy environment and install all requirements, in the command prompt
go to the toolbox-amiris-emlab folder and run the following commands one by one:
conda create -n emlabpy python=3.8
conda activate emlabpy
python setup.py install
python -m pip install
pip install -r requirements.txt
pip install
o git+https://github.com/Spine-project/spinetoolbox-dev
conda deactivate
7. Download the Spine Toolbox
To download the Spine Toolbox and install all requirements, in the command prompt go
to the toolbox-amiris-emlab folder and run the following commands one by one:
conda create -n spinetoolbox-dev python=3.8
conda activate spinetoolbox-dev
pip install
o git+https://github.com/Spine-project/spinetoolbox-dev
git clone https://github.com/Spine-project/Spine-Toolbox
cd Spine-toolbox\
pip install -r requirements.txt
cd bin
upgrade spine regs.bat
conda deactivate
8. Open the Spine Toolbox
To open the Spine Toolbox, in the command prompt go to the toolbox-amiris-emlab folder,
activate the spinetoolbox-dev environment and open the Spine Toolbox:
conda activate spinetoolbox-dev
spinetoolbox
9. Create kernels
When in the Spine Toolbox, open the project and make an emlabpy kernel as follows:
File — Settings... —» Tools — Jupyter console (under Python) — Kernel spec editor —
Interpreter: add the path to the python.exe in your emlabpy conda environment
(path_to_anaconda/anaconda3/envs/emlabpy/python.exe) —» Name: emlabpy — Make
kernel specification - OK
10. AMIRIS input

To be able to run AMIRIS within the project it is necessary to add input data in:
toolbox-amiris-emlab/amiris_workflow/amiris-config/data
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Next up, the amiris folder with the executable, setup.yaml and an empty folder 'result’
have to be added in:
toolbox-amiris-emlab/amiris_workflow/amiris

This data is, however, not open-source and permission to use the files should be given
by DLR.
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