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Summary

The research presented in this dissertation identifies and addresses part of the challenges

ahead of the energy transition in the European Union. More specifically, it looks at

how the increasing share of power generated by variable renewable energy (VRE) tech-

nologies affects the existing power system and the electricity markets, and discusses the

technological and economic implications of a fully renewable European power system.

Chapter Two puts forward an analytical framework to understand how different en-

ergy generation and balancing technologies can contribute to a 100% renewable European

power system. The first part investigates whether different power technologies -of gen-

eration, storage and transmission – behave as either complements or substitutes in a

decarbonized European power system. Having a clear understanding of how each energy

technology can contribute to a clean power system and how its contribution impacts the

contribution of other technologies – by either displacing or supporting it – is crucial to

the design of a cost-optimal, clean European power system. The second part zooms in

on how these technology and cost interactions change across five scenarios of power trade

integration.

This framework emphasizes the importance of policy coordination among member

states. As countries increase their reliance on power trade, their optimal energy mixes

change – as does the aggregate European optimal energy mix. The findings of this

chapter suggests that a cost-optimal European energy system in which power trade is

restricted to 25% of an individual country’s demand has a very different energy technology

mix than a European power system where trade among member states is unrestricted.

Understanding the cost and technology implications of these different scenarios provides

a starting point for discussing the importance of energy policy coordination among EU

member states.

Chapters Three and Four focus on the effects of electricity from VRE on the elec-

tricity market. The current electricity markets of most developed countries have been

designed decades ago for entirely different energy technology portfolios and market struc-

tures. The recent upsurge of intermittent power from VRE technologies has challenged
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the appropriateness of the current electricity market design for a VRE-intensive power

system.

One of the challenges which VRE raises for the electricity market refers to its effect on

the electricity price and its volatility. More specifically, liberalized power systems function

on the microeconomics principle whereby the price is determined by the marginal cost

which, in turn, for conventional power technologies, is determined by the fuel price.

Since VRE and in particular wind and solar power technologies have zero fuel cost, they

have a downward effect on electricity prices, during periods of high wind speed or high

solar radiation. In the current design of electricity markets, this makes it difficult for

conventional power technologies to remain competitive, even though they are important

for the stability of the power grid. On this background, Chapter Three looks at the

effects of power generated by VRE on the main variables of interest of the electricity

market – i.e. the electricity price and its volatility. The research findings discussed in

this Chapter suggest that the volatility of electricity prices is expected to increase, as

VRE take up a higher share in the energy mix. However, this effect is mainly due to

power generated by wind power plants alone.

Chapter Four looks at the relation between the increasing share of electricity from

VRE technologies and the process of integration of the different national power systems

into a pan-European system. Over the past few decades, the European agenda of energy

policy has been dominated by two main items: the integration of the electricity systems

of individual countries into a pan-European electricity system, and the transition to a

power system that is less reliant on fossil fuels and more intensive in cleaner, renewable

energy resources. These two ambitions have historically been addressed individually, at

both national and supra-national European levels – as is also reflected in two separate

strands of literature – with different results. Indeed, the literature on the effect of

VRE on electricity markets is unambiguous in its findings that an increase in VRE has

a downward effect on electricity prices. On the other hand, the literature looking at

power trade integration between different national power systems reports mixed results

in terms of the effect of increased levels of power trade on electricity prices, finding

both positive and negative relations between VRE and electricity price convergence. In

Chapter Four it is argued that the two ambitions overlap in many respects and that a

clear understanding of the relation between intermittent power generation from VRE and

electricity market integration can reveal more efficient ways of pursuing this dual goal.

As electricity markets become more integrated and electricity is freely traded among

more countries, the price differential between these countries decreases. To this end,

Chapter Four develops a framework that looks at these two issues jointly and tackles

the following question: what is the effect of intermittent power, generated by VRE, on

the process of electricity price convergence? Using data for eight European, the research
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finds that there is an inverted U-shaped relation between VRE and electricity prices

convergence, i.e. for very low and very high levels of VRE, the price differential is large,

whereas for intermediate levels of VRE, prices tend to converge, thus reducing the price

differential. The results point to the fact that an acceleration of interconnector capacity

developments is required in order to benefit from the price-reduction effect of VRE, at

the European level. Furthermore, increased policy coordination in different countries

would mitigate the short-term negative effects of price divergence, e.g. the difference in

consumer welfare in different countries, in the context of a pan-European energy system,

following from unilateral decision making.

Finally, Chapter Five summarizes the main findings of the research presented in

this dissertation and discusses several concluding remarks and implications for European

energy policy-making. It also highlights some limitations of the research and points to

key areas for future research into the process of the transition towards a clean European

power system.

Taken together, the research results presented in this dissertation shed light on several

economic and political challenges that the transition to a low-carbon electricity system in

Europe is expected to face. These findings aim to contribute to an informed discussion on

weighing the different economic, social and environmental implications of the ambitious

task ahead of decarbonizing the European power sector.
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Chapter 1

Introduction

1.1 Towards a renewable energy future

In 2007, the United Nations’ Intergovernmental Panel on Climate Change and the Amer-

ican politician and environmentalist Al Gore were awarded the Nobel Peace Prize “for

their efforts to build up and disseminate greater knowledge about man-made climate

change, and to lay the foundations for the measures that are needed to counteract such

change” (Nobel Media (2007)). Eleven years later, William Nordhaus would be awar-

ded the 2018 Nobel Prize in Economics, for “integrating climate change into long-run

macroeconomic analysis” (Nobel Media (2019)).1

Both developed and developing countries have made great progress in mitigating

human-driven climate change between these dates, and continue to do so. Indeed, all

signatory countries of the 2015 Paris Agreement – the objective of which is to limit the

global temperature increase by the end of this century to well below 2, and closer to 1.5,

degrees Celsius above pre-industrial levels – have committed to become net-zero emitters

by 2050. Bhutan and Surinam have already become negative emitters, i.e. they absorb

more greenhouse gases (hereafter GHG) than they emit. Sweden has passed laws to

become carbon neutral by 2045 and six other countries have announced similar legally

binding net-zero targets for 2050.

Most of this progress has been due to the decarbonisation of the electricity sector.

Indeed, globally installed capacity of solar and wind power plants has increased more

than six times over the 2008 - 2018 period and reached a combined installed capacity

of over 1000 GW. This corresponds to an increase from 15% to 45% in total installed

1Nordhaus shared the 2018 Nobel Prize in Economics with Paul Romer who was awarded the prize
for his work on “integrating technological innovations into long-run macroeconomic analysis” (Nobel
Media (2019)).
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CHAPTER 1. INTRODUCTION

capacity of renewable energy technologies, over the same period (IRENA (2019b)). In

2018, solar and wind power technologies accounted for over 50% of the global increase in

installed capacity of all – renewable and non-renewable – power generation technologies

(IEA (2019)).

Economic development and emissions of greenhouse gases (GHG) have gone hand

in hand since the inception of national power systems. However, the past decade has

witnessed a decoupling of the two: GHG emissions have increased at a slower rate than

economic growth. This has been driven mainly by gains in energy efficiency and fast

drops in the costs of wind and solar power technologies – both forces benefiting from

increasing political support. Even so, the electricity sector still accounts for 40% of

energy-related CO2 emissions – and more than a quarter of GHG emissions (Pavarini

and Mattion (2019)). At the same time, it is the fastest sector to decrease its reliance

on carbon-intensive fossil fuels.

The European Union (EU) aims to reduce GHG emissions by 45%, by 2030, compared

to the 1990 level, and to reach net-zero GHG emissions by 2050. These ambitious targets

are the guiding principles behind the European Green Deal, revealed by the European

Commission in December 2019 (European Commission (2019a)). One intermediary step

to achieve this is to increase the reliance on clean energy technologies to 32% by 2030

(European Commission (2019b)).2 According to the latest available official data, 18.9% of

all energy consumption was met by renewable energy, in 2018 (Eurostat, 2020), almost

double the share in 2010 (Eurostat (2010)). This corresponds to a level of installed

capacity that increased almost 2.5 times over the same period (Figure 1.1).3 These

developments of renewable energy present an important, but limited picture of the EU’s

goals. Indeed, the 2030 targets for renewable energy and GHG emissions are part of a

more ambitious plan for an Energy Union – i.e. a pan-European electricity system where

low-carbon electricity flows unrestrictedly between member states. Achieving the targets

associated with the Energy Union relies on a clear understanding of the challenges ahead.

The process of energy transition – i.e. a move away from a carbon-intensive energy

system to a cleaner one – has been the subject of increasing academic interest in the past

two decades. The case of the EU differs from the usual national approach of the energy

transition literature in that all national-level political agendas of the EU member states

need to be coordinated both with each-other and with the supra-national EU agenda.

Indeed, the transition away from fossil-fuel power technologies and towards cleaner power

technologies is supplemented by the transition to a more integrated European power sys-

2The terms “clean energy” and “renewable energy” are used interchangeably in the terminology of
EU institutions. Consistent with EU’s energy policies and ambitions, these terms exclude nuclear energy.
This is the main reason why we do not consider this option in the research presented in the following
chapters.

3“ET” is an acronym for “energy technologies”.
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Figure 1.1: Transition towards wind and solar electricity
Growth in cumulative installed capacity of wind and solar energy technologies in the
EU(28), over the 2010 - 2019 period. “ET” is an acronym for “energy technologies”.

Source: Own computation, based on IRENA data (Source: IRENA (2019b))

tem. Therefore, the process of energy transition in the EU faces a unique combination

of challenges, when compared to single-country energy transitions The aim of this dis-

sertation is to shed light on these challenges and to provide insights that could inform

the process of the European electricity system transition.

1.2 Challenges ahead of the energy transition in the

EU

The urgency of the energy transition has drawn increasing academic interest over the

past two decades. The various theoretical frameworks designed to address this process

generally span several disciplines, of which environmental economics, energy systems

analysis, innovation studies and political science are at the core. In a meta-theoretical

study, Cherp, Vinichenko, Jewell, Brutschin and Sovacool (2018) argue that, while in-

sights from various disciplines and theoretical approaches may be useful for addressing

different national energy transitions, this does not mean that the exact same configur-

ation of concepts can be applied to all individual – i.e. national – cases. Instead, they

suggest “a meta-theoretical framework as a nested conceptual map of variables and the-
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ories from different social science disciplines which we believe are necessary for explaining

specific cases and broader classes of national energy transitions. In this regard, the ex-

act boundaries between the perspectives are less important than their ability to identify

critical variables and theories which explain their interaction and behavior” (p.187). In

a review of the recent theoretical and empirical literature on policy mixes in the energy

transitions, Rogge, Kern and Howlett (2017) argue that, while the various disciplines that

are jointly used to address this process are unquestionably useful, the resulting language

can be ambiguous, as each discipline comes with a different understanding for a given

term, which can render the interdisciplinary dialogue more difficult. Rogge, Kern and

Howlett (2017) thus suggest the need for increased awareness of this issue. Similarly, they

point out that the majority of the literature has focused on a single – usually European –

country and argue for an extended geographical scope for the study of energy transitions.

The interdisciplinary approach to the study of the energy transition process is justified

by the diverse set of challenges ahead of it, which span political, technological and socio-

economic aspects. More specifically, the political challenges lie in the systematic inertia

due to the political power that actors representing incumbent energy technologies have

secured, since the inception of national energy systems. In the case of the EU, an

additional political challenge lies in the integration of national electricity systems into a

pan-European system, where power would flow freely among member states.4

The technological challenges mainly refer to the integration of variable renewable

energy technologies (VRE) – namely wind and solar power – into the electricity system.

Indeed, since wind and solar power plants can only generate power when the wind is

blowing or the sun is shining – and power supply needs to match demand at all times –

a balanced power system would need to rely on a number of other energy – storage and

generation – technologies. The current low share of wind and solar power does not pose

a threat to the stability of the power grid due to two main reasons: the high share of

flexible and dispatchable conventional power plants that can generate power on demand,

and the low energy storage capacity currently required for the excess power generation

from wind and solar plants. However, as clean power technologies are expected to meet

the bulk of power demand in the coming decades, they are predicted to bring about

significant transformations to the current mix of energy technologies.

Third, the socio-economic challenges facing the energy transition have traditionally

referred to the social acceptance of new, clean energy technologies and resistance to

change. However, the increasing awareness among the wider public of the urgency to re-

duce the level of GHG emissions by switching from fossil fuels to renewable energy, as well

4Achieving a pan-European energy system requires a partial shift of decision power from the national
level to the European level. The research presented in the following chapter looks at how both aggregate
and country-level investment requirements change, as power trade among EU member states increases,
i.e. the European power system becomes more integrated.
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as the continuously decreasing costs of clean power technologies, have mobilized social

acceptance and support for the energy transition, especially in the developed countries.

The research presented in this dissertation addresses these challenges, in the context of

the EU, and aims to provide insights for an appropriate design of a low-carbon European

power system.

1.3 Contribution to existing research and reading guide

The research presented in this dissertation identifies and addresses part of the challenges

ahead of the energy transition in the EU. More specifically, it looks at how the increasing

share of power generated by VRE technologies affects the existing power system and

the electricity markets, and discusses the technological and economic implications of a

fully renewable European power system. It does so by raising the following questions:

1a. How do different desired technological configurations of a fully renewable European

power sector affect the investment requirements for such a sector? 1b. How does the

process of the integration of different European countries’ national power systems into a

single, pan-European power system, affect the energy mix? 2. What is the effect of the

increasing contribution of VRE-generated electricity on the electricity market – more

specifically, on the level and volatility of electricity prices? 3. How does the growing

share of renewable power in the electricity mix affect the process of integration of the

different national electricity markets, as reflected in the convergence of electricity prices?

The following chapters of this dissertation address these questions.

In chapter 2, I develop an analytical framework to understand how different energy

generation and balancing technologies can contribute to a 100% renewable European

power system. In the first part, I investigate whether different power technologies – of

generation, storage and transmission – behave as either complements or substitutes in a

decarbonised European power system. Having a clear understanding of how each energy

technology can contribute to a clean power system and how its contribution impacts

the contribution of other technologies – by either displacing or supporting it – is crucial

to the design of a cost-optimal, clean European power system.5 Therefore, I address

the following research questions: 1. What is the contribution of each energy power

generation, storage and transmission technology, in a clean European power system,

from the point of view of investment requirements? and 2. How does the integration

process of different national power systems into a single, supranational power system,

5As will be discussed in detail in the following chapter, the objective function of the optimisation
model is to minimise the investment required for a 100% clean power system. This cost corresponds to
a static image of the final power system, as opposed to a dymanic investment process. Therefore, the
phrase “cost-optimal” refers to the financial investment requirements associated with the final technology
portfolio that corresponds to the output of the model.
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affect this distribution, for different levels of power trade integration?

To answer these questions, I develop a portfolio optimisation model that covers the

technology distribution per type, i.e. power generation, storage and transmission, and

per country. I look at these distributions across four scenarios: 1. power demand is

met entirely by solar and wind power generation for each individual country; 2. energy

storage technologies can help smooth the intermittent supply of wind and solar power;

3. instead of energy storage technology, the cross-border transmission infrastructure

can help smooth power supply geographically; and 4. both energy storage and trans-

mission technologies are part of the energy mix. For simplicity, I limit my analysis to

four European countries with four different weather patterns, representative of different

European regions, i.e. Spain, Germany, Finland and Greece.

To address the second question, I include thresholds for the process of power trade,

i.e. each country is increasingly allowed to rely on imports to meet up to 25%, 50%,

75% and 100% of its power needs. This framework emphasises the importance of policy

coordination among member states. As countries increase their reliance on power trade,

their optimal energy mixes change – as does the aggregate European optimal energy mix.

A cost-optimal European energy system in which power trade is restricted to 25% of an

individual country’s demand has a very different energy technology mix than a European

power system where trade among member states is unrestricted. Understanding the cost

and technology implications of these different scenarios provides a starting point for

discussing the importance of energy policy coordination among EU member states.

The research in Chapter 2 contributes to an established energy modelling literature

by addressing explicitly the issue of European power trade integration as a gradual pro-

cess. This approach raises the issue of an optimal level of power trade integration and

how the ensuing cost savings can be equitably distributed among member states. So far,

the energy modelling literature has focused only on the financial and technological im-

plications of different designs of energy systems. The research presented here argues that

the political dimension – captured in the model developed in Chapter 2 as thresholds

of reliance on electricity imports – is crucial to achieving a cost-optimal pan-European

power system.

In Chapters 3 and 4, I focus on the effects of electricity from VRE on the electricity

market. The current electricity markets of most developed countries have been designed

decades ago for entirely different energy technology portfolios and market structures.

The recent upsurge of intermittent power from VRE technologies has challenged the ap-

propriateness of the current electricity market design for a VRE-intensive power system.

One of the challenges which VRE raises for the electricity market refers to its effect on the

electricity price and its volatility. More specifically, liberalized power systems function

on the microeconomics principle whereby the price is determined by the marginal cost

6
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– which, in turn, for conventional power technologies, is determined by the fuel price.

Since VRE and in particular wind and solar power technologies have zero fuel cost, they

have a downward effect on electricity prices, during periods of high wind speed or high

solar radiation. In the current design of electricity markets, this makes it difficult for

conventional power technologies to remain competitive, even though they are important

for the stability of the power grid.

In Chapter 3, I look at the effects of power generated by VRE on the main vari-

ables of interest of the electricity market – i.e. the electricity price and its volatility.

Despite the rapidly increasing literature on the effects of VRE-powered electricity on

the electricity market, most studies look at the effect on the level of electricity prices,

ignoring how price variance is affected. Understanding the relation between VRE and

electricity price variance is critical for the integration of VRE, as the price variance is

one of the main decision criteria for investing in specific power generation technologies.

Furthermore, in the context of a growing share of intermittent power generation from

VRE, the variance of electricity prices is a central determinant for investment decisions

regarding energy storage and balancing technologies. Also, existing studies usually take

the form of a case study of a single country. Chapter 3 of this dissertation contributes to

the existing literature in three ways: first, it is one of the few empirical studies to apply

a GARCH model to understand the effect of VRE on price variance; second, it extends

the geographical scope of existing studies by looking at ten European countries, with

different VRE shares and different weather patterns; third, it uses very recent data on

wind and solar power. Due to the upsurge of these technologies prior to and during the

period under analysis, their contribution in meeting power demand has increased rapidly

over the past few years. This rich dataset makes it possible to disentangle the individual

effects of solar and wind power on the electricity price and its variance.

In Chapter 4, I look at the relation between the increasing share of electricity from

VRE technologies and the process of integration of the different national power systems

into a pan-European system. Over the past few decades, the European agenda of energy

policy has been dominated by two main items: the integration of the electricity systems

of individual countries into a pan-European electricity system, and the transition to a

power system that is less reliant on fossil fuels and more intensive in cleaner, renewable

energy resources. These two ambitions have historically been addressed individually, at

both national and supra-national European levels – as is also reflected in two separate

strands of literature – with different results. Indeed, the literature on the effect of VRE

on electricity markets is unambiguous in its findings that an increase in VRE has a down-

ward effect on electricity prices. On the other hand, the literature looking at power trade

integration between different national power systems reports mixed results in terms of

the effect of increased levels of power trade on electricity prices, finding both positive
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and negative relations between VRE and electricity price convergence. In Chapter 4, I

argue that the two ambitions overlap in many respects and that a clear understanding

of the relation between intermittent power generation from VRE and electricity market

integration can reveal more efficient ways of pursuing this dual goal. As electricity mar-

kets become more integrated and electricity is freely traded among more countries, the

price differential between these countries decreases. Therefore, in line with the existing

literature, I use a measure of price dispersion, namely the coefficient of variation of the

cross-sectional hourly electricity prices in a selection of European countries, to look at

the process of integration of different electricity markets and how this process is affected

by an increasing share of VRE. To this end, I develop a framework that looks at these

two issues jointly and tackles the following question: what is the effect of intermittent

power, generated by VRE, on the process of electricity price convergence? To answer

this question, I look at eight European countries and find that there is an inverted U-

shaped relation between VRE and electricity prices convergence, i.e. for very low and

very high levels of VRE, the price differential is large, whereas for intermediate levels

of VRE, prices tend to converge, thus reducing the price differential. This research is

an important contribution to the existing literature, as it helps explain why the exist-

ing results are ambiguous with respect to the relation between VRE and power trade

integration. The results point to the fact that an acceleration of interconnector capacity

developments is required in order to benefit from the price-reduction effect of VRE, at

the European level.6 Furthermore, increased policy coordination in different countries

would mitigate the short-term negative effects of price divergence, e.g. the difference in

consumer welfare in different countries, in the context of a pan-European energy system,

following from unilateral decision making.

Finally, Chapter 5 summarizes the main findings of the research presented in this

dissertation and offers several concluding remarks. It also highlights some limitations of

the research and points to key areas for future research into the process of the transition

towards a clean European power system.

1.4 ABCs of electricity markets

The previous section briefly introduced the content of each of the following chapters.

Chapter 2 addresses the cost-optimal technology portfolio for a clean European power

system, while Chapters 3 and 4 look exclusively at the effects of electricity from solar and

wind power technologies on different aspects of the electricity market. In this section, we

discuss four fundamental aspects of the electricity market that are relevant to Chapters 3

6The interconnector capacity refers to the power grid infrastructure that connects several different
national power grids.
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and 4:7 first, we discuss the time dimension of electricity markets; second, we focus on the

determinants of electricity prices; third, we introduce the concept of “merit order effect”,

as part of understanding the effect of VRE on electricity prices; finally, we discuss the

phenomenon of negative electricity prices and how it is handled in the research presented

here.

1.4.1 Consecutive electricity markets

Until approximately three decades ago, the power sectors across Europe were organized

as vertically integrated, highly regulated national monopolies. The same company that

owned the power plants was in charge of the transmission of the generated electricity to

distribution centers, and then of its supply to final consumers. The liberalization of the

power sector introduced market competition at the power generation and distribution

levels.8 Currently, the electricity sector is no longer vertically integrated and differ-

ent companies are in charge of power generation, transmission, distribution and supply.

Different power generation companies compete to sell their output to large industrial con-

sumers, as well as to suppliers for households, on what is referred to as the “wholesale

electricity market”. Since power supply and demand must match perfectly in any given

moment, for the stability of the power grid, the hourly profiles of power demand and

supply must be known well in advance of the actual power consumption. Therefore, the

wholesale electricity market operates on several consecutive time dimensions, as shown

in Figure 1.2.

The futures/forward market takes place up to several years in advance of the actual

power consumption; the day-ahead market - sometimes referred to as the spot market

- takes place on the day ahead of the actual power delivery and consumption, and the

intra-day market has the role of making the final adjustments between power supply and

demand, so that the two are in balance at all times.

The research presented in Chapters 3 and 4 looks exclusively at the day-ahead market.

This is mainly due to the fact that the day-ahead prices are determined competitively and

reflect the technology make-up of the particular power mix to deliver electricity at any

given hour of the next day. This is because the market clearing price is determined by the

power technology that provides the last (i.e. marginal) unit to meet power demand.9 In

contrast, forward contracts are non-standardized, bilateral contracts and future contracts

are more akin to financial instruments, as they can be traded further. With respect to

7For more information on the concepts discussed here and other concepts related to electricity markets,
see KU Leuven Energy Institute (2020).

8The electricity transmission level has the characteristics of a natural monopoly and is operated by
a single entity in each country, namely the transmission system operator (TSO).

9The following subsection discusses the particularities of the day-ahead market more in depth.
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Figure 1.2: The consecutive electricity markets
Source: KU Leuven Energy Institute (2020)

the intra-day market, it begins to operate after all trade on the day-ahead market is

concluded and facilitates electricity trade of up to 30 minutes before the actual delivery

(See Kraftwerke (2020)).

The intra-day market functions mainly as a correction market – i.e. it enables parti-

cipants to adjust to unforeseen changes due to weather forecast errors, unexpected plant

outages, etc. It is the final market mechanism to enable the equilibrium of power demand

and supply. If there is a remaining supply-demand mismatch that cannot be taken care

of on the intra-day market, it will be managed on the balancing market.10 As a result,

the amount of electricity traded on the intra-day market is marginal, compared to the

day-ahead market (KU Leuven Energy Institute (2020)). Furthermore, the data for the

price, quantity and type of electricity by generation technology traded on the day-ahead

market are made publicly available by the transmission system operators (TSOs), i.e.

the entity responsible for the transmission of electricity from power generation plants

to distribution centers. Therefore, the prices referred to in the following chapters are

the prices determined on the day-ahead market, i.e. the day-ahead prices. These prices

are determined by competitive bidding and reflect the interactions between the different

power technologies. They are the prices faced by TSOs and charged by power gen-

eration companies. These prices will go through several modifications - including any

adjustments of the intra-day and balancing markets, taxes and subsidies - before being

transferred to the final consumers. As discussed above, the day-ahead market closes -

and the day ahead-price is determined - before the intra-day market opens. Therefore,

any adjustments to the day-ahead forecasts for power supply and demand have no effect

on the already determined day-ahead electricity price. The choice of the day-ahead elec-

10The balancing market consists of a procurement side and a settlements side. The procurement side,
also referred to as the reserves market, is responsible for the activation of both replacement and frequency
reserves. As a result, the procurement side can ensure grid stability of very high time resolution - of up
to seconds in advance. On the other hand, the settlements side of the balancing market refers to the
ex-post financial settlement of reserves providers (Kraftwerke (2020)).
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tricity market - and its corresponding data - is consistent with the standard electricity

economics literature.

1.4.2 Determinants of the day-ahead electricity price

The day-ahead electricity market is operated by electricity exchanges – i.e. multilateral

trading platforms – and functions based on a blind auction system. Buyers and sellers

submit their quantity and price offers for each hour of the following day to the exchange,

anonymously and in a one-off submission, between 24 and 36 hours in advance of the

actual delivery. Once all bids for offer and demand are aggregated, the exchange operators

calculate the electricity supply and demand curves, for each hour of the following day.

The day-ahead electricity price for each hour is given by the market clearing price, i.e.

the point of intersection of the supply and demand curves for any specific hour. The

hourly market clearing price is the day-ahead electricity price charged to all buyers and

sellers, indifferent of their initial bids. Once this price is determined, the buyers and

sellers are informed and transactions can begin.

An important feature of the day-ahead electricity market is the fact that, once the

market clearing price is known by buyers and sellers, these cannot re-adjust their bids

(for more information on the operation of day-ahead electricity markets, see KU Leuven

(2020)).11 For this reason, the energy economics literature tacitly does away with any

endogeneity concerns in power supply and demand on the day-ahead electricity market.

With specific reference to the relation between wind and solar power supply on the day-

ahead electricity price, this is a reasonable assumption, given that wind and solar power

output are by nature exogenous. However, the endogeneity assumption for the demand

side is made explicit in several studies. For example, Forrest and MacGill (2013) argue

that it “is considered to be a reasonable assumption since the majority of end consumers

do not observe the spot market prices since retailers are the ones formally participating

in the market”(p.124).

In line with the standard energy economics literature, the models presented in Chapters

Three and Four are based on the assumption that any potential endogeneity issues stem-

ming from day-ahead demand and day-ahead supply bids have limited, if any, impact on

the model choices and results discussed in these chapters.12

11As discussed in the previous subsection, any adjustment between the forecasted level of demand
or power generation submitted on the day-ahead market, on one hand, and the actual realizations, on
the other, is dealt with on the intra-day market and the balancing market. These subsequent markets
operate after the closure of the day-ahead market and their operation is based on different principles
than those of the day-ahead market. As a result, any information provided on these markets has no
effect on the already established information of the day-ahead market - be it price or forecasts of supply
and demand.

12This issue is discussed in more detail in the Model sections of Chapters Three and Four, respectively.
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1.4.3 Merit-order effect (MoE)

Day-ahead electricity markets operate on the microeconomics principle of lowest marginal

cost.13 The first power technology to meet demand is the one with the lowest marginal

cost – which is usually associated with the cost of fuel. This results in a “merit order”

of power technologies, i.e. the order in which power technologies provide power supply

(Figure 1.3).

Figure 1.3: Merit order effect
Supply-demand curve before (left) and after (right) VRE

The marginal costs of electricity from wind and solar power plants are lower than

those of more established power technologies, as these technologies have zero fuel costs.

The introduction of these low marginal cost technologies pushes the supply curve to the

right and determines a new, lower clearing price. This price reduction effect of VRE

on the electricity price is known in the energy economics literature as the “merit order

effect”, henceforth abbreviated to MOE.

13This principle is consistent with profit maximisation under perfect competition. Under marginal cost
pricing, lowest marginal cost units are cleared first. Via this merit-order, profit margins are sqeezed, but
integral gross profits increase.
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1.4.4 Negative day-ahead electricity prices

Another way to categorise power generation technologies, apart from the type of fuel

they use, is by how flexible they are, i.e. the technological and cost constraints that

determine how rapidly and how often they can be turned off and back on, in order to

meet a fluctuating demand. Electricity demand displays patterns of both daily and yearly

seasonalities. Low levels of demand are met by baseload power plants, i.e. plants for

which the technology makes it both difficult and costly to be switched on and off on a

regular basis. This category includes mainly nuclear and coal-fired power plants. The

regular but short periods of high levels of demand, i.e. the mid-day hours during the

day, or, in particular, the early evening hours during winter days, are met by flexible,

peakload power technologies, which are mainly gas-fired power plants.

During periods of low demand, an increasing share of intermittent power provided by

VRE technologies drives the electricity prices further down, due to the MOE discussed

before. When faced with the options of a costly and technically taxing, short-term shut-

down, on one hand, and temporarily operating at a (lower) loss – by effectively paying

buyers for the possibility to discharge surplus power – on the other hand, baseload power

technologies opt for the latter. This can result in negative day-ahead electricity prices

(Figure 1.4).14

Figure 1.4: Merit order effect of wind power on the electricity price
The subscripts NF, F and DG refer to non flexible, flexible and distributed generation,

respectively. Source: KU Leuven Energy Institute (2020)

The research presented in Chapters 3 and 4 uses data on day-ahead hourly prices.

14In the case of the power sector, negative day-ahead prices are never transferred to consumers, due
to additional taxes and subsidies, of which consumers are the ultimate payers. This phenomenon of
negative prices has a parallel in the situation faced by the oil market during late April 2020. For a
few days, the trading price of oil became negative due to a combination of events: low demand, high
shutting-down cost of oil wells and low storage capacity. Despite the ubiquitous headline, there was no
significant change in the price paid by the final consumer (Tobben (2020)).
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In chapter 3, data are aggregated at the daily level, thus all data at the unit level in

our regression analysis are positive values. In chapter 4, we use hourly prices for eight

countries, over a period of three years. Of these over 35000 observations, six values are

negative and close to zero. We thus decide to keep them in our analysis, but make the

argument that they have a marginal, if any, effect. This issue is discussed in more detail

in chapter 4.
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Chapter 2

What are the effects of power

trade integration on the energy

mixes of different European

countries?

2.1 Introduction

The power sector is the largest CO2 emitter globally. Together with the heating sector, it

accounts for 42% of worldwide emissions.1 At the same time, it has recorded the fastest

progress towards decarbonization, as renewable power technologies have had sustained

high annual growth for the past two decades and, more recently, are making up the lion’s

share of newly installed capacity (Fig. 2.1). IEA reports that, in 2016, renewable energy

accounted for two thirds of global net capacity increase (IEA (2017b)). At the EU level,

the current ambitions aim for a 32% share of electricity to be generated by renewable

energy technologies by 2030, up from 17%, in 2017 (European Comission (2017)).

This target brings about not only significant technical challenges, but also political

and economic challenges, as discussed below. These challenges are highly interlinked

and a solution to one of them is likely to impact the others. First, the technical chal-

lenge lies in meeting power demand from renewable energy sources at all times. Unlike

traditional power plants, such as coal and gas-fired ones, wind and solar power plants

1Emissions of the electricity and heating sector are generally considered together, due to the high
reliance on combined heat-and-power (CHP) plants in developing countries. For a detailed discussion
on CO2 emissions accounting per sector, see IEA (2017a).
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Figure 2.1: Transition towards wind and solar electricity
Growth in global installed capacity of power technologies, in gigawatts (GW) (bars)

and share of renewable energy (RE) capacity in total energy mix (red line).
Source: IRENA (2020)

are not dispatchable – i.e. their output cannot be controlled by plant operators. In-

stead, power generation is weather-dependent and rarely completely synchronized with

the power demand pattern ( this is referred to, in the energy economics literature, as

the load curve). The technical challenge thus lies in saving excess power, i.e. the posit-

ive difference between the electricity produced and the electricity consumed in a given

moment, and using it to meet residual demand, i.e. demand net of input from variable

renewable energy (further called VRE), at a later time. The two main types of energy

balancing technologies (further called EBT) address this challenge in the following ways:

1) by smoothing power generation across time – i.e. using energy storage technologies

(hereinafter EST) to store excess power for use at a later time; and 2) by smoothing

power generation across space – i.e. using cross-border power grid transmission (here-

inafter CBT) to allow for excess power generation in a given region and time period to

meet residual load in a different region, during the same time period.

Second, the economic challenge lies in meeting power demand at lowest cost. Power

generation and balancing technologies can act either as complements or substitutes to

each other. For example, photovoltaic (PV) panels generate most power during the sunny,

mid-day hours, while wind power reaches its peak during evening and night hours. In
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this respect, PV panels and wind turbines have complementary power generation profiles.

In other words, the power output of one technology complements the power output of

the other in meeting power demand throughout the day. An increase in average demand

during each hour of the day would require the output of both technologies to increase

in similar proportions. One technology alone cannot substitute for a lack of the second

one, given their hourly output profiles. At the same time, residual power generation –

i.e., excess power after demand is met – can be either used to charge EST or exported

towards regions with excess power demand. In this case, EST and CBT act as substitutes

to each other. In other words, one of these two technologies could substitute the other

in absorbing the excess power generation. A clear and detailed understanding of the

synergies between different energy technologies would support the design of a least-cost

energy system.

Last, political challenges refer to the issue of energy security – more specifically, to the

risks faced by energy supply continuity for any given country (Winzer (2012)). Increasing

reliance on neighboring countries for a balanced power grid can lead to significant cost

savings overall. However, historically, energy independence has been high on national

political agendas. Addressing the question of how to equitably distribute among EU

member states both the cost and the benefits stemming from a completely integrated

pan-European power system is an important pre-requisite for the successful transition

towards a single European energy market.

Understanding the interactions between the challenges discussed above and, more

importantly, of those of their potential solutions, is critical to designing a clean, secure

and cost-effective European power sector. This chapter aims to provide insights into

these challenges and their respective potential solutions by addressing the following re-

search questions: 1) What is the cost optimal energy technology configuration of a fully

renewable European power system? 2) What are the country-level cost, technology and

energy system independence implications of a fully integrated pan-European power sys-

tem? And 3) How do these implications change for individual countries, for different

levels of the integration of national energy systems into a single, pan-European one?

By examining these questions, this chapter aims to develop a framework to under-

stand the trade-offs between the economic, technological and political challenges of the

transition towards a fully renewable European power sector.2 To this end, I develop a

portfolio optimization model that explicitly accounts for the uncertainty inherent in the

supply of power generation from renewable energy technologies (further called RET),

in order to investigate how different energy technologies can act as either complements

2The political challenge of energy security, in the sense discussed in this chapter, refers to a low reliance
on energy trade. For this reason, the political challenge is operationalized in the model presented here
as different levels of restrictions to power trade.
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or substitutes to each other. Unlike conventional power generation technologies, RET

cannot supply power on demand – i.e., they are not dispatchable. Their output depends

on the specific weather characteristic at any given moment. The uncertainty in power

output of RET is determined by two factors: first, observed solar radiation and wind

speed differ across daily and annual seasonal cycles; second, as the expected output of

each power plant is scheduled before being generated, actual power from VRE is subject

to forecast error. The uncertainty due to these two factors is ignored in deterministic

models, such as models using observed data of previous years. The model developed

in this chapter explicitly acknowledges this uncertainty by transforming the data in the

following way: based on data for wind and solar hourly capacity factors over the 1985 -

2016 period,3 I construct a new dataset, corresponding to one year of hourly values of

wind and solar capacity factors for each of the four countries considered in this chapter,

namely Spain, Germany, Finland and Greece, the choice for which is discussed below.

The new dataset thus covers 8760 hourly observations for each of the two variables -

wind and solar capacity factors - and for each of the four countries, for one year. Section

2.4 discusses the data sources and the transformation in more detail. I look at the en-

ergy mix and its corresponding investment requirements and country distribution across

four scenarios: 1) the European energy mix is composed of only wind and solar power

generation technologies; 2) EST are introduced in the energy mix; 3) instead of EST,

countries can trade electricity via CBT and 4) both EST and CBT contribute to the

energy mix. In Section 2.6 I discuss in detail the optimal energy-mix configuration under

each of these scenarios.

I then explore how the technology mix – and its related investment requirements –

changes across a number of European power systems integration scenarios, ranging from

complete country self-sufficiency to unconstrained trade of electric power. This gradual

view of the European power system integration aims to reveal insights into the trade-off

between the cost and technology aspects of the process of power system integration, on

the one hand, and the political one, on the other, where the political aspect refers to the

share of power trade a country is willing to rely on. As we shall see, the higher the share

of power trade, the lower is the aggregate system cost. By looking at certain thresholds

of power trade and their corresponding power system costs, the research presented here

aims to provide numerical estimates of this relation. In turn, this discussion can inform

the design of a mechanism for the distribution of costs and benefits across all countries.

This chapter is structured as follows: the next section discusses previous research

on the three most frequently discussed solutions to balancing a fully renewable power

3The capacity factor of an energy technology is defined as the ratio between the actual output
produced during a given period and the full potential of power generation of that technology during the
same period.
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system, namely 1) hedging across different RET, 2) energy storage technologies, and

3) cross-border extension of the transmission network. Section 2.3 discusses previous

applications of optimization in energy research. Section 2.4 and 2.5 discuss the data and

the model, respectively. Results are presented in Section 2.6. Section 2.7 provides a

detailed discussion of the results for different levels of power trade integration. Finally,

Section 2.8 provides the concluding remarks.

2.2 Overview of options to overcome fluctuating power

supply

The issue of integrating variable power generation into the electricity system – currently

brought about by an increasing share of RET – is not new. Centralized power systems

have dealt with fluctuating power output for over a century, mainly due to the seasonal

pattern of generation from hydroelectric power plants. In general, this peaks during

summer through autumn and reaches its lowest level in spring. This is due to winter

precipitations – mainly snow – being accumulated, instead of flowing into the water

stream. When snow begins to melt, in spring, rivers’ debits increase. Depending on a

country’s climate and its reliance on hydropower, this seasonality can create significant

strains on its electricity system. For example, in Norway, where hydropower accounts

for over 95% of electricity, reservoirs levels can be up to four times higher during peak

times, compared to their lowest levels (Wolfgang, Haugstad, Mo, Gjelsvik, Wangensteen

and Doorman (2009)).

Increasing shares of power from wind and solar plants, together with an ongoing

global trend towards liberalized electricity markets, adds several layers of complexity to

the issue of power system stability. This research aims to provide an understanding of the

challenges ahead of the European transition to a clean power system – and of potential

answers to these challenges.

One main issue brought about by weather-dependent power generation technologies is

to meet power demand at all times – including those of low solar radiation and low wind

speed. The three most widely discussed solutions to this issue are: 1) hedging across

power generation technologies, i.e. design an optimal configuration of wind and solar

plants such that demand not met by one technology is met by the other, at any given

time; 2) including energy storage technologies (EST) into the power mix, i.e. excess power

generated during favorable weather conditions is stored for use at a later date, when poor

weather conditions lead to less power generation than is needed to meet demand, and 3)

hedging across countries, i.e. extending and reinforcing the cross-border power grid such

that, at any given time, excess power generated in one country is exported to another
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country with less favorable weather conditions.

The following sub-sections discuss the previous research on each of the above three

options.

Hedging across RET

Power output profiles of solar and wind technologies have a strong negative correlation,

both at daily and seasonal levels: while the demand curve follows the daily solar radiation

pattern and peaks in early afternoon, wind speed – and therefore, wind power – is

generally higher during the night and in the early morning, when demand is lower. For

seasonal fluctuations, the correlations with load are reversed: wind output is higher

during winter, when power demand is higher, due to increased demand for heating, while

solar output is higher during summer. Alongside daily and seasonal variations in power

output from RET, there are also strong geographical variations across Europe, in terms of

solar and wind power potential. Solar and wind power generation patterns are therefore

complementary in meeting power demand throughout the day, in the sense that, during

the hours when power generated by one of the power technologies decreases, the demand

is met by the alternative RET. In other words, due to the negative correlation between

solar and wind power output at both the hourly and the seasonal time resolution, one

energy technology cannot substitute the second one, in meeting the bulk of power demand

at the same time.

This fluctuating complementarity in power output across time and space between

wind and solar power has motivated a diverse and increasing literature addressing the

benefits of the energy technologies portfolio approach. Heide, Von Bremen, Greiner,

Hoffmann, Speckmann and Bofinger (2010) find that, in the case of a fully renewable

European power sector, an optimal mix of 55% wind and 45% solar power reduces the

storage needs by a factor of two, compared with scenarios of either 100% solar or 100%

wind. Thomaidis, Santos-Alamillos, Pozo-Vázquez and Usaola-Garćıa (2016) compare

the performances of wind-only and wind-and-solar portfolios, in terms of the trade-off

between two objectives, namely maximizing average power output and minimizing av-

erage variation in power output. Their assets universe consists of geographical sites

across the Iberian Peninsula for onshore wind turbines and concentrated solar power

(CSP) plants. They find that, for low levels of mean generating capacity, the mixed

wind-and-solar portfolio has a much lower standard deviation than the wind-only altern-

ative. However, the efficiency frontiers of the two portfolios overlap, for high levels of

mean generating capacity – i.e. they can achieve similar values of maximum average

power output, for similar values of high standard deviations. If, however, the portfo-

lio manager is risk-averse – defined by Thomaidis, Santos-Alamillos, Pozo-Vázquez and
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Usaola-Garćıa (2016) as interested in reducing the hourly volatility of power output,

together with maximizing average power output – wind-and-solar portfolios outperform

significantly wind-only portfolios. Indeed, for a level of average power output of 20%, the

wind-and-solar portfolio yields 5% standard deviation – almost a third of the standard

deviation of the wind-only portfolio, of 13%.

Energy storage technologies

A balanced power grid requires power demand and supply to match perfectly at any

given time. The main challenge brought about by an increased share of variable renew-

able energy (VRE) is meeting power demand in times of low wind speed and low solar

radiation. As discussed earlier, power demand follows the daily pattern of solar radi-

ation and is negatively correlated with it at the seasonal scale, while the opposite is true

for wind power, which is negatively correlated with the daily pattern of power demand,

and positively correlated with its seasonal variation. Ensuring that demand is met at

any given time by an optimal combination of only wind and solar power would result in

very high installed overcapacity of both technologies. Indeed, the fleet of wind turbines

needed to meet peak demand during winter evenings would remain idle for most of the

year. Similarly, the installed capacity of PV panels would need to be sufficiently large to

meet day-time demand even during times of low solar radiation, thus making them idle

during higher solar radiation. An alternative solution is given by EST, which can capture

and store excess power generation during times of high solar radiation and strong wind

speed – and release it during times of residual load.

EST have been increasingly addressed in the literature as an essential component in

a fully renewable power system. Weitemeyer, Kleinhans, Vogt and Agert (2015) look at

the role of EST in supporting the integration of renewable energy in Germany. They

find that EST become increasingly important as the share of RET in Germany’s energy

mix increases beyond the 50% threshold. Bussar, Moos, Alvarez, Wolf, Thien, Chen,

Cai, Leuthold, Sauer and Moser (2014) develop an optimization model which minimises

the cost of an energy system similar to the one presented here, i.e. consisting of wind

turbines, PV panels, storage technologies and cross-border grid extension. Their model

differs from the one developed in this chapter in two important ways: first, it covers the

EUMENA region;4 second, they only look at one scenario alone, in which both EST and

CBT are available and each country relies on self-supply to meet demand over three years

- that is, countries can trade, as long as all power produced domestically by one country,

over three years, is sufficient to meet the three-year average of demand. They look at

the cost-optimal power system configuration over the EUMENA region, and at the cost

4EUMENA refers to the Europe, Middle East and North Africa.
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distribution of the components of the power system, and find that the cost associated

with EST corresponds to a fifth of total system cost.

In a more recent study, Brown, Schlachtberger, Kies, Schramm and Greiner (2018)

compare the total system cost for a low-carbon European system which relies on system

coupling at the national level – i.e. the coupling of the power, transport and heating

systems within each European country – with the total system cost of a pan-European

power sector which relies on unrestricted power trade, but is isolated from both the trans-

portation and the heating sectors. In the sector coupling scenario, technologies from the

transportation and the heating sectors, such electric vehicles, synthetic electrofuels, heat

pumps, district heating and long-term thermal energy storage effectively act as flexible

energy storage units at different time scales. The authors find that, in this scenario,

the total system cost is reduced by 28%, compared with a scenario of inflexible sector

coupling and no interconnection. This cost reduction is higher than that achieved in a

scenario of unrestricted interconnection and lack of flexible sector coupling, of 25%. How-

ever, Brown, Schlachtberger, Kies, Schramm and Greiner (2018) find that the optimal

combination of both options – flexible sector coupling and interconnection – results in

a cost reduction of 37%, compared to a scenario where neither option is available. The

following subsection discusses exclusively the literature regarding cross-border grid ex-

tension as an option to integrate VRE in the European power system, at an optimal

cost.

Cross-border power grids

An increasing share of VRE in the energy mix of each European country is expected to

bring about challenges in many parts of the current energy system and the functioning

of the power market. For example, balancing power – needed to meet residual demand

– should come from technologies that are reliable – i.e. provide power whenever needed;

flexible – i.e. able to come into operation often and on short notice; and at low cost. One

way to reduce the need for balancing power is to have overinstalled capacity of RET.

However, since peak power demand occurs for only a few hours during the year, a large

share of installed capacity would remain idle for most of the time.

A high share of VRE is expected to challenge the electricity market as well. Due to

their low marginal cost, RET rank first in the merit-order of power technologies to meet

demand, thus displacing traditional power technologies. This leads both to an overall

reduction of electricity prices and to a redistribution of gains and losses of economic

welfare among different power generation technologies (Schaber, Steinke, Mühlich and

Hamacher (2012)).

An unconstrained and reliable pan-European power grid could help address all these

22



CHAPTER 2. WHAT ARE THE EFFECTS OF POWER TRADE INTEGRATION
ON THE ENERGY MIXES OF DIFFERENT EUROPEAN COUNTRIES?

challenges. Rodriguez, Becker, Andresen, Heide and Greiner (2014) look at the trade-off

between transmission capacity and conventional power plants in balancing a European

power system where VRE meet 100% of each country’s average power demand. They find

that European interconnectors could reduce balancing needs from conventional power

by up to 37.8%, compared to the case of no international transmission capacity. If

interconnectors capacity remains at today’s level, it would reduce balancing needs by

13%, compared to the case of no-interconnectors, while a four-fold increase from today’s

level would reduce balancing needs by 33% (Becker, Rodriguez, Andresen, Schramm and

Greiner (2014)).

Schaber, Steinke, Mühlich and Hamacher (2012) examine the effects of grid extension

on fundamental properties of the power system, such as backup capacity requirements

and overproduction. They look at how these two characteristics change for different levels

of VRE integration and when countries can trade power, compared to the situation when

countries need to meet all demand domestically. They find that, in the no-trade scenario,

the requirement of backup capacity is 100% of hourly peakload and this requirements

drops to 60% of peakload, when countries can trade power. This is also due to the fact

that hourly peakload does not occur at the same time across Europe. This significant

drop corresponds to reducing overproduction from 10% of total demand, in the case of

no inter-regional power grids, to less than 1%, in the case of the pan-European power

grid.

International power grid extension facilitates not only the technical, but also the

economic integration of VRE. Schaber, Steinke and Hamacher (2012) develop a linear

optimization model to examine how the power market – e.g. the level and volatility of

electricity prices, as well as the welfare distribution among power market participants

– is impacted by VRE, in the presence of grid extension. They find that power grid

extension enables a geographical smoothing of these impacts: it reduces the differences

in electricity prices between regions with different shares of VRE, ultimately contributing

to lower electricity prices; it facilitates the economic integration of VRE by reducing the

magnitude of the decline in revenue of conventional power plants – indeed, in the absence

of CBT, excess RE power generation significantly lowers electricity prices, thus posing a

challenge to conventional power plants; if, however, this excess power can be exported, the

drop in electricity prices is lower and the decrease in revenue for conventional power plants

is limited; at the same time, importing countries have access to lower-price electricity;

furthermore, power grid extension reduces the overall system cost, by increasing capacity

utilization of both conventional and RE power plants. These benefits are achieved at

lowest cost when European power grid is extended by either 20% of 2011 capacity – if

only underground cables are considered – or 60% – if only overhead lines are considered

(Schaber, Steinke and Hamacher (2012)).
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While the cost-saving implications of a pan-European power grid are unanimously

agreed upon in the literature, the same cannot be said about the political aspects. On a

larger scale, while the cost and technical parameters of energy generation and balancing

technologies are similar in different parts of the world, this is not the case for the political

willingness for power trade integration, in different regions. Brinkerink, Ó Gallachóira

and Deane (2019) provide a comprehensive review of modeling initiatives for globally

connected power systems. They find that most challenges identified in the reviewed

studies refer to political aspects, such as local resistance to interconnector development,

concerns about disruption to energy supply, as the reliance on energy imports increases

and others. Due to the difficulty in quantifying them, these issues are largely left out of

optimal energy system modeling.

The research presented in this chapter aims to fill this gap by including the political

dimension in the optimal design of a European power system. This is conceptualized

as exogenous limits – ranging from 0% to 100% – of electricity imports on which indi-

vidual EU countries may rely on. The resulting investment requirements and technology

distribution associated with each limit to power trade provide a framework for the dis-

cussion on how to assess the challenges and opportunities brought about by an integrated

European power system.

2.3 Application of optimization in the energy eco-

nomics literature

Mathematical optimization is an established methodology for addressing a wide range of

energy issues and has been increasingly applied to renewable energy topics in the past two

decades. Banos, Manzano-Agugliaro, Montoya, Gil, Alcayde and Gómez (2011), Bazmi

and Zahedi (2011) and Zeng, Cai, Huang and Dai (2011) review recent developments in

energy modeling where optimization techniques are employed. These energy models can

be grouped along several dimensions, among which: 1) the scale of the energy system –

ranging from building, to small island, to international level; 2) the objective function –

minimising greenhouse gas emissions, minimising cost, maximising profitability etc.; and

3) the technical complexity of the optimization model – e.g. multi-objective optimization,

stochastic optimization etc.

Awerbuch (2006) argues that a portfolio optimization approach to energy system

planning, as opposed to “traditional, least-cost stand-alone kWh cost measures” provides

a more comprehensive picture of the effects of power technologies on energy systems

(p:693). In the case of renewable energy, an optimization model approach reveals the

positive impact of wind power on both energy security – in the form of mitigating the
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price volatility of imported fossil fuels – and the overall generating cost.

Østergaard (2009) reviews optimization criteria for models of energy systems with

a high share of VRE and applies a selection of criteria to a Western Denmark energy

system model. The objective function of the model is to identify the optimal capacity

of heat pumps required to support the integration of wind power. The resulting energy

systems vary significantly in the capacity of heat pumps, depending on the optimization

criteria. One way to reconcile these conflicting objectives is by multi-criteria decision

analysis, which incorporates several decision criteria into a framework for guiding de-

cision making. However, this approach raises the issue of deciding upon weights for each

criterion (Østergaard (2009)).

In their extensive review of the literature on optimization models of energy systems,

Bazmi and Zahedi (2011) argue that the increasing application of this method came as

a natural consequence of the increasing complexity of energy systems, over the past fifty

years. Indeed, less than half a century ago, national energy systems were operated as

state-owned, vertically integrated companies. Current energy systems, especially those

in developed countries, have changed considerably, in many aspects. For example, the

liberalization of power systems has led to competition at different levels – i.e. power gen-

eration, power supply, financing of energy projects etc. At the same time, the rapid de-

velopment of alternative power technologies has led to increasing complexity for decision

makers tasked with designing future energy systems, under financial and environmental

limitations. Therefore, as energy systems have become increasingly sophisticated, so have

the methods used for their analysis and to support decision making. Bazmi and Zahedi

(2011) conclude their review study arguing that optimization models are “an effective

and useful tool for problem solving in the power [generation] and supply sectors and es-

pecially for policymakers to establish policies based on detailed assessment of competing

technologies and [large] amounts of scenario analyses” (p. 3495).

Hirth (2015) discusses three different classes of energy system optimization models

with an explicit focus on how effective they are in addressing the inherent variability of

power output from renewable energy technologies. He reviews the numerical modeling

literature that is used to estimate optimal shares of energy technologies and argues that

two of the three classes identified – namely integrated assessment models (IAM) and

energy system models – generally have low resolutions that make it difficult to understand

the effect of output variability on models results. A third type of numerical modeling

category – power market models – do not suffer from low resolution, but in this technical

subfield, the shares of power technologies are generally determined exogenously. Hirth

(2015) argues that especially temporal variability can have a large impact on the welfare-

optimal shares of renewable power generation technologies: “if winds were constant, the

optimal share would triple” (p.179). Therefore, “[m]odels and analyses that cannot
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represent variability explicitly need to approximate the impact of variability carefully”

(p.179).

In this chapter, I develop a linear optimization model that goes beyond the static

techno-economic implications of an optimally designed energy system. The aim of this

model is to help us understand the trade-offs between these implications, on the one

hand, and the design of a fully renewable pan-European power grid, on the other. This

research is a timely contribution to the existing literature due to its use of very recent

data, its large geographical scope and particularly to its analysis of the trade-offs between

the process of power trade integration and the aggregate power system cost.

2.4 Data

Research in renewable energy modeling faces the significant challenge of reliability of

data for wind and solar power output potential. There are two main approaches to

VRE data collection: bottom-up data collection from empirical observations of various

power plants, and estimation from satellite and on-site meteorological data. Each of these

options comes with important drawbacks: the former faces limitations in aggregation and

extrapolation for larger geographical areas, as well as in comparison of power plants across

different locations; the latter relies mainly on theoretical models and on the assumptions

behind the transformation of meteorological data in power output potential, which often

result in important departures from observed power output.

The research community of renewable energy systems is increasingly relying on data-

sets produced by reanalysis models, for simulating power output from renewable energy

technologies (RET) (Staffell and Pfenninger (2016)). Reanalysis models originate in

meteorology research and refer to the process of hindcast – i.e. developing a model that

replicates historical weather observations. More exactly, “[r]eanalysis combines a system

for assimilating historical weather observations with an atmospheric circulation model to

infer the state of the global weather system. In essence, reanalysis takes difficult to use

observations, apply automated quality control, and transforms them into a standardized

dataset with uniform and complete spatial and temporal coverage” (p:1226).

Thus, reanalysis models have become a standard data source in renewable energy

modeling. However, Staffell and Pfenninger (2016) and Pfenninger and Staffell (2016)

argue that, despite their accessibility and affordability, reanalysis models should be used

cautiously in energy system planning. When comparing NASA’s MERRA reanalysis

results against observed historic data on power output of wind turbines across Europe,

they find low spatial correlation, with a correlation coefficient of 0.19. They therefore

suggest that data on power output of wind turbines and solar PV panels derived from

reanalysis models need to be calibrated against observed data and adjusted accordingly.
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They then proceed to develop a bias-correction factor which, when applied to reanalysis

models, yields results that are more in line with historic observations, where these are

available. Indeed, taking reanalysis data at face value – with no validation and subsequent

correction – would result in errors in estimated capacity factors for wind turbines ranging

from a 30% underestimation, for Portugal and Romania, to a 60% overestimation, in the

case of Germany and Denmark. Their resulting dataset of validated simulations for

hourly capacity factors of wind turbines and solar PV panels is publicly available at

renewables.ninja.com.5

I use a selection of this dataset on country-aggregated, hourly power output per unit

of installed capacity of wind turbines and PV panels ( in other words, the hourly wind

and solar capacity factors) over a period of 32 years. For simplicity, I limit my analysis

to four European countries, namely Spain, Germany, Finland and Greece. This selection

reflects the wide variation of weather regimes across Europe.

I also use hourly power demand data for the year 2017 for these countries, made

available by the European Network of Transmission System Operators for Electricity

(ENTSO-E). Data on total installed unit costs for wind power, solar power and EST come

from the International Renewable Energy Agency (IRENA).6 I consider total installed

unit cost of wind and PV power technologies due to the fact that they make up about

80% of the levelized cost of electricity (LCOE), i.e. the unit cost of electricity produced.

This is the main indicator used in investment decisions for energy projects to compare

the final cost of different energy technologies.7

The following subsection gives an overview of the input data to the model.

2.4.1 Wind and solar capacity factor

Wind turbines and solar panels never operate at 100% of their potential. The ratio of

the actual electricity produced by a renewable power plant to its full potential – known

as the capacity factor – is a number between 0 and 100%. This section discusses in

detail how capacity factors of the two technologies for the countries in my sample vary

at different time resolutions.

I use data on the hourly wind and solar capacity factors of Spain, Finland, Greece and

5“Renewables.ninja” is a data and research project developed by researchers at ETH Zurich and
Imperial College London. The aim of the project is to provide open access to high-resolution worldwide
data for wind and solar power plants to the scientific community. The resulting datasets and publications
are available at www.renewables.ninja.

6Data on total installed unit cost of wind power and solar power are available from Renewable Power
Generation Costs in 2017 (IRENA (2018)).

7Note that IRENA refers to “total installation cost” as including “all of the costs of developing a
project [including] interest during construction (including on working capital needs), project develop-
ment costs and any upfront financing costs”(IRENA (2018):27). Data on EST costs are available from
Electricity Storage and Renewables: Costs and Markets to 2030 (IRENA (2017)).
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Germany from 1985 to 2016. The hourly capacity factors vary considerably: while during

the day the capacity factor of a solar panel might be as high as 90%, at night it drops to

zero. Figure 2.2 shows the average hourly capacity factors of each country over the years

of my sample. As we can see in this figure, the average capacity factors are relatively

constant over the years. In other words, there is no particular year which, on average, is

significantly more windy or sunny. This figure also reveals general characteristics of the

climate of these four countries. For example, according to panel (a), the capacity factor

for wind is on average higher in Finland; this implies that a wind turbine will generate

more electricity in this country than in Germany. However, as we can see in panel (b),

Finland has the smallest solar capacity factor, as this country is the farthest of the four

from the equator, where solar radiation is the strongest.

Finally by comparing panels (a) and (b) in Figure 2.2, one can clearly see that, for

all countries considered in this research, wind power has a significantly higher capacity

factor than solar power. In other words, one unit of installed wind capacity yields more

power output than one unit of installed solar capacity, for equally favourable weather

conditions. This distribution of power output potential has clear implications for the

design of the optimal European power system, as we will see in section 2.6.

(a) Wind (b) Sun

Figure 2.2: Average of hourly capacity factors, per year

A second important observation is that the hourly capacity factors of wind and solar

power plants are not constant throughout the year. Wind power plants are more efficient

in winter and solar power plants have higher efficiency during the summer. Figure 2.3

depicts the average capacity factors of the four countries in each month during the entire

sample from 1985 to 2016. The U-shaped and the reversed-U-shaped patterns shown

in panel (a) and (b) of this figure, respectively, highlight the complementarity of power

output of wind and solar power plant throughout a calendar year. As shown in panel
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(b), the capacity factor of solar power plants in Finland – the farthest country from the

Equator, in our sample – drops to virtually zero during winter, while southern European

countries such as Spain and Greece have relatively large solar capacity factors.

(a) Wind (b) Sun

Figure 2.3: Average of hourly capacity factors, per calendar month

Figure 2.4 shows the average capacity factors throughout a calendar month. Unlike

the daily and yearly levels, capacity factors do not display seasonality across the days of

a given month.

(a) Wind (b) Sun

Figure 2.4: Average of hourly capacity factors, per calendar day

Finally, Figure 2.5 shows the average capacity factors of wind and solar power over

the entire sample from 1985 to 2016 for each hour of a day. As one would expect, the solar

capacity factor in Greece, the easternmost country in our sample, peaks between 10AM
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to 11AM, while for Spain, the westernmost country in our sample, this number peaks

between 12PM to 13PM. As a general observation, the peaks in both power generation

and demand occur at different times for different countries, due to the variations in

the geographical coordinates across European countries. In other words, some countries

experience peak demand at the same time as others experience surplus power generation.

This observation has important implications for the geographical smoothing of power

supply, in the context of an integrated European power grid.

(a) Wind (b) Sun

Figure 2.5: Average of hourly capacity factors, per hour of a day

Table 2.1 provides a selection of summary statistics for the capacity factors time

series. As we can see in panel (a), the minimum level of wind capacity factor is very

small for all countries, yet non-zero. In other words, the efficiency of wind turbines never

falls to absolute zero, and they can always produce electricity. This is not the case for

solar power plants, as its capacity factor is zero during the night hours.

Furthermore, as the lower-right section of panel (b) shows, the correlation coefficients

of solar capacity factors in different countries are relatively high, ranging from 0.69 to

0.88. This means that the maximum levels of solar power output occurs during similar

time intervals for all countries. The opposite can be said about the countries’ wind power

output profiles. Indeed, as we can see in the upper-left section of panel (b), the correlation

coefficients of wind capacity factors in different countries are very low, ranging from -0.03

to 0.14. Finally, as shown in the lower-left section of panel (b), the correlations between

the capacity factors of wind and solar power plants are very small and often negative.

This means that low values of wind power capacity factors occur at the same time as

high values of solar power capacity factors.
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Table 2.1: Summary statistics of hourly capacity factors (1985-2016)

Wind Capacity Factor Solar Capacity Factor

Spain Finland Greece Germany Spain Finland Greece Germany

Panel (a): Distribution

Ave. 26.6% 32.0% 26.0% 20.8% 16.8% 9.5% 16.2% 12.5%

St. Dev. 16.0% 19.8% 20.6% 18.1% 22.4% 15.6% 22.0% 18.2%

Min. 0.69% 0.07% 0.0001% 0.006% 0.0% 0.0% 0.0% 0.0%

5th Perc. 7.6% 6.1% 2.9% 2.1% 0.0% 0.0% 0.0% 0.0%

25th Perc. 14.8% 16.7% 9.5% 7.3% 0.0% 0.0% 0.0% 0.0%

Median 22.7% 28.4% 19.9% 15.4% 0.4% 0.1% 0.2% 0.2%

75th Perc. 34.6% 43.7% 38.1% 28.9% 33.9% 13.6% 32.3% 21.9%

95th Perc. 59.5% 71.6% 68.3% 59.7% 62.2% 46.3% 61.7% 52.7%

Max. 94.9% 96.8% 96.5% 96.5% 76.3% 72.1% 76.5% 73.6%

Panel (b): Correlation coefficients

Wind
Capa-
city
Factor

Spain

Finland 0.03

Greece 0.02 0.08

Germany 0.09 0.14 -0.03

Solar
Capa-
city
Factor

Spain -0.09 -0.01 0.07 -0.01

Finland -0.17 -0.13 0.00 -0.15 0.69

Greece -0.13 -0.05 0.03 -0.04 0.80 0.82

Germany -0.13 -0.04 0.06 -0.12 0.87 0.83 0.88

Note: This table reports the summary statistics and correlation coefficients on hourly capacity
factors from 1985 to 2016 for the four countries studied in this paper, namely Spain, Finland,
Greece and Germany.
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2.4.2 Power demand per country

Figure 2.6 displays the average hourly electricity demand of all four countries in year

2017 (panel a), over each month of this year (panel b), over each day of the calendar

month (panel c), and over the hours in each day (panel d). This figure reveals several

interesting characteristics of electricity demand in Europe. As we can see in panel (a),

for example, Germany and Spain are much bigger electricity consumers than Finland

and Greece. This trivial observation has important implications for the country-wise

technology distribution. Indeed, if cross-border power trade is restricted and countries

need to meet demand by domestic power generation, the amount of installed capacity in

each country is directly proportional with the national demand. This can result in very

large installed capacity requirements, for countries with low capacity factors. Conversely,

if power trade is unrestricted, the decision where to build power plants depends less on

domestic demand and more on the capacity factors associated with the local weather

patterns. In this case, countries with relatively low power demand and high capacity

factors for one power technology could host the bulk of the respective power technology.

Furthermore, according to Figure (b), the demand for electricity in 2017 peaked in winter

and particularly in the month of January. According to Figure (c), there is no clear

pattern between the electricity demand and the day of the month. And finally, as Figure

(d) shows, the demand for electricity falls to its lowest levels between 3AM and 4AM,

and it reaches its highest values between 11AM to 12PM.

Table 2.2 provides summary statistics on the electricity demand data in 2017. As

shown in panel (b), the correlation coefficients of the levels of electricity demand in the

four countries are positive, ranging from 0.32 to a maximum of 0.80. Therefore, even

though their demand profiles partially overlap, the peak-load levels do not occur at the

same time for all countries. If they did, the aggregate peak-demand would equal the sum

of peak-demand levels in all countries, during the hour it would occur. This observation

of peak-demand levels occurring at different times for different countries has important

implications for the design of a pan-European power system. Indeed, at the European

aggregate level, it corresponds to power demand smoothing over the hours in the day

where peak-demand levels occur in all countries. However, the potential investment-

related benefits arising from this phenomenon can only be achieved by an appropriate

cross-border power grid infrastructure.

2.5 Model design and calibration

A European power sector relying entirely on wind and solar power generation technologies

is expected to face significant challenges in ensuring a stable power supply. For this
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(a) Hourly average demand in year 2017 (MWh)

(b) Hourly average demand per calendar month (MWh)

(c) Hourly average demand per calendar days (MWh) (d) Hourly average demand for each hour (MWh)

Figure 2.6: Electricity demand in Spain, Finland, Greece and Germany in year 2017
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Table 2.2: Summary statistics of hourly electricity demand in 2017 (MWh)

Spain Finland Greece Germany

Panel (a): Distribution

Average 28859 9758 5928 58967

Standard Deviation 4557 1451 1150 10417

Minimum 18758 5916 3404 35801

5th Percentile 21879 7396 4222 42701

25th Percentile 24957 8674 5069 50159

Median 29071 9722 5872 58809

75th Percentile 32270 10844 6644 67836

95th Percentile 36335 12042 8100 75411

Maximum 41015 14374 9674 80316

Panel (b): Correlation coefficients

Spain

Finland 0.36

Greece 0.75 0.32

Germany 0.80 0.67 0.66

Note: This table reports the summary statistics on electricity
demands of year 2017 for the four countries studied in this paper,
namely Spain, Finland, Greece and Germany.

reason, energy balancing technologies are expected to make up a significant share in

a cost-optimal energy portfolio.8 Therefore, the components of the energy portfolio

considered in this model are: wind power technology, solar power technology, energy

storage technology (EST) and cross-border grid extension (CBT), i.e. the power grid

infrastructure needed for power trade. As VRE will make up a growing share of the

energy mix, the two main options in ensuring the stability of the power system – EST

and CBT – will become increasingly important. Therefore, a clear understanding of

the relation between these two options is critical to informing an optimal design of a

decarbonized European power system. The model developed in this section aims to

provide such an understanding.

To this end, I develop a portfolio optimization model that explores how EST and

CBT interact with each other in the context of a European power sector. In a first

exercise, I look at four mutually exclusive configurations of the European power system:

1) Each country relies on domestic wind and solar power generation alone – i.e. no

EST or CBT is allowed. This acts as a base scenario and helps us understand both

the absolute and the relative contribution of each balancing technology; 2) each country

8As discussed in the Introduction Section of this chapter, the energy balancing technologies considered
here are energy storage technologies and cross-border grid extension.
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introduces EST in their energy mix but cannot trade with other countries; 3) conversely,

international power trade is allowed, but not EST; and 4) both EST and CBT contribute

to a European power system. This framework will provide insights into the interactions

between different energy technologies. For simplicity, I limit the analysis to the four

European countries already mentioned, each representative of a different weather pattern.

I thus disregard any interaction with other countries apart from these four. The model

setting discussed above yields four mutually exclusive technological configurations which

helps us understand the cost and technology implications of different energy mixes of a

clean European power system. The results of this first exercise are discussed in subsection

2.6.

In a second exercise, I move away from the static model of the optimal power system

introduced above and address the process of integration of the different national power

systems into a single, pan-European power system, as a gradual process. More specific-

ally, I look at how both the aggregate cost and country-level energy mix change across

six integration scenarios, corresponding to six different levels of power trade, namely:

1. Countries rely entirely on domestic power generation and storage capacity. This

scenario is equivalent to the case of complete autarky in the second scenario dis-

cussed above.

2. Countries can access each other’s storage capacities to store temporary excess power

and meet temporary residual demand, but the total annual power generation in each

country must be higher than or equal to annual power demand. This hypothetical

scenario serves as an intermediate step between complete country isolation and a

minimum level of power trade. It highlights the fact that important cost benefits

arise with a minimum loss of energy security.

3. Countries can import stored and instantly generated power to meet up to 25% of

their annual demand.

4. Countries can import stored and instantly generated power to meet up to 50% of

their annual demand.

5. Countries can import stored and instantly generated power to meet up to 75% of

their annual demand.

6. Power trade is completely unrestricted – i.e. international borders are non-existent,

therefore countries can import power above the previous 75% limit.

These theoretical scenarios are intended as benchmarks against which to assess the

cost and technology implications of an integrated European power system. I choose
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quartile-increments in the level of power trade due to the fact that they provide a suffi-

ciently detailed level of analysis, as well as a compact framework for understanding the

trade-offs between cost and energy security with which countries are faced, in the context

of a pan-European energy system. This second contribution of the chapter is discussed

in subsection 2.7.

2.5.1 Model design

The algorithm of the model is presented below:

Objective Function: The objective is to minimise the total cost of the power sys-

tem, given by the sum of the costs of installed power plants and energy storage technology.

The inputs of the model, i.e. the exogenous variables, are hourly demand, hourly capacity

factors of solar and wind power technologies, and the costs for all technologies. In the

different power trade scenarios, the levels of power trade are also given as inputs. The

outputs of the model, i.e. the variables determined endogenously, are the cost-optimal

time-invariant requirements of installed capacity of wind and solar power technologies,

as well energy storage technologies. These requirements are calculated for individual

countries and power trade levels. The results for each scenario are discussed at length in

the next two sections.

TSC = CostW × ICW + CostS × ICS + CostEST × ICEST . (2.1)

In equation (2.1), TSC stands for total system cost, ICW/S represents the total in-

stalled capacity of wind/solar power plants in kW and ICEST denotes the total installed

capacity of EST in kWh. CostW/S/EST are the total installation costs per unit for wind

and solar power plants (in USD per kW) and of EST (in USD per kWh).

Constraints: The above objective function is subject to three constraints, detailed

below. First, power demand (Dt) is fully met in each time-step, i.e. hour. This is done

by a combination of the wind and solar power generated at the same time step t (i.e.

ICW × CFW,t + ICS × CFS,t) and the stored energy from previous periods (ESt−1), in

the scenarios where this technology is available. Here, CFW,t and CFS,t are respectively

the hourly wind and solar capacity factors.

Dt ≤ ICW × CFW,t + ICS × CFS,t + ESt−1. (2.2)

If generated power exceeds demand in any time-step t, i.e. ICW × CFW,t + ICS ×
CFS,t > Dt, the excess power is stored, as long as there is available storage capacity
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(ICEST ). Conversely, if power generation at time t is less than demand at time t, i.e.

ICW ×CFW,t + ICS ×CFS,t < Dt, aggregated energy stored up until the previous time

period (ESt−1) is used to meet residual load, as long as the storage capacity is not empty.

The amount of stored energy (ESt) cannot become negative. In other words, there is no

time period t where power demand exceeds the sum of power generation and available

stored energy. Indeed, the installed capacity requirements identified by the model are

sufficient to cover demand and storage requirements in any time period. These two

constraints are illustrated by equations 2.3:

ICW × CFW,t + ICS × CFS,t > Dt →

ESt = min
(
ESt−1 + (1− α)(ICW × CFW,t + ICS × CFS,t −Dt), ICEST

)

ICW × CFW,t + ICS × CFS,t < Dt →

ESt = max
(
ESt−1 −

1

1− α
(Dt − ICW × CFW,t − ICS × CFS,t), 0

)
. (2.3)

The round-trip efficiency of EST is less than 100% even for the most mature tech-

nologies. Hence, α represents the percentage of power loss during both the charge and

discharge of EST.

Finally, for different self-sufficiency scenarios, I assume that countries must meet a

minimum share (ψ) of domestic load with domestically generated power, where ψ takes

five values between 100% and 0%. The countries can meet residual demand by importing

electricity.

∑
t

(
ICW,i × CFW,i,t + ICS,i × CFS,i,t

)
≥ ψ ×

∑
t

Di,t. (2.4)

In this restriction, ICW,i and ICS,i are the installed capacity of wind and solar power

in country i, and CFW,i,t and CFS,i,t are the corresponding capacity factors in this

country. Also, Di,t is electricity demand in country i at time step t.

2.5.2 Model calibration

I optimise the problem outlined in equations 2.1 to 2.4 using hourly power demand data

(Dt) of all four countries in 2017 (see table 2.2) and randomly simulated samples of solar
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(CFS,t) and wind (CFW,t) capacity factors. All the expressions from equation 2.1 to 2.4

are linear. Therefore, I use a simplex algorithm with linear objective function and linear

constraints for this optimization exercise to find the optimal installed capacity require-

ments for wind (ICW ) and solar (ICS) power plants, as well as the optimal requirements

for power storage capacity (ICEST ).

I run my optimization process 100 times. In other words, I simulate the wind and the

solar capacity factors (i.e. CFW,t and CFS,t) using random samples from the historical

data of these time series from 1985 to 2016, for 100 times (see table 2.1). This simulation

process is explained in detail in the following paragraph. In each optimization round –

by solving the optimization problem for the simulated wind and solar capacity factors

to satisfy the hourly power demand of all four countries for 2017 – I obtain the optimal

installed capacity for wind and solar power plants, as well as the optimal amount of

power storage capacity. The results, reported in the following section, show the average

optimal values over this 100 simulations. The appendix to this chapter reports the

summary statistics of the results of all 100 simulations.

The random sampling of the hourly wind and solar capacity factors is conducted

as follows: as discussed in the Data section, my historical data include hourly capacity

factors for wind turbines and solar panels for 32 years from 1985 to 2016. For each hour

in each specific day of the year – e.g. 3 - 4pm on January 5th – I randomly select a pair

of wind and solar capacity factors from the 32 observations in the exact same hour and

date in the previous 32 years. By repeating this procedure for each hour in each day of

the year, I obtain a simulated time series of hourly capacity factors for wind and solar

power for a fictitious year.

The unit investment costs for each energy technologies in the objective function (2.1)

are the weighted average costs for each technology, as made available by IRENA (2017).

These costs are identical for all four countries and are reported in table 2.5.2 below.9

9IRENA (2017) and IRENA (2018) only contain the figures for the historical evolutions of the costs
of the energy technologies. In order to obtain the data behind these figures, I requested access to data
and the technical documentation from IRENA. The unit cost for solar energy technologies is calculated
as the average of the 2016 costs of all European countries for which data was provided, namely Italy,
Germany, Spain and the United Kingdom. The unit cost for wind energy technology is calculated as
the average between the minimum and maximum cost estimates for Europe, in 2016. The unit cost
for energy storage technology corresponds to the unit cost for pumped-hydro storage in the reference
scenario. The value for this cost estimate is the same in 2016 and 2030.
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Energy technology Installed unit cost (in ,000 US$/ MW (MWH))

Wind 1,550

Solar 1,220

Storage 21

Note: This table shows the investment cost parameters for a

unit of installed capacity for each of the three energy technologies,

as calculated based on data from IRENA (2018) – for wind and

solar power technologies, and IRENA (2017), for energy storage

technologies.

Finally, I assume that the percentage of power loss during both the charge and dis-

charge of EST (i.e. α in equation 2.3) is 5%. This estimation is in line with IRENA

(2017). For the scenarios where EST is available, I make the assumption than in the

first hour of the year the installed storage technology is charged to 50% of its maximum

capacity, i.e. ES0 = 50%× ICEST .

2.6 Results

The question under which conditions EST and CBT are either complements or substi-

tutes has been addressed in previous research, albeit in different settings. For instance,

Steinke, Wolfrum and Hoffmann (2013) look at the trade-off between CBT and EST in

the context of a European power sector where yearly demand is met by an average of

100% of electricity from wind and solar power plants. They find that, in the absence of

both CBT and EST, the required back-up capacity – in the form of biomass – for a 100%

renewable European power system is 35% of yearly demand, which far exceeds the 10%

limit of available resources. However, when countries can freely trade power, required

back-up capacity drops to 20%. If EST are also introduced in the power mix, the back-

up requirements further drop to 5% of annual demand - in the case of an EST capacity

equivalent to storing energy up to one day - or to almost zero - in the case of an EST

capacity that can store energy for up to one week. However, the levels of installed capa-

city of wind and solar power in Steinke, Wolfrum and Hoffmann (2013) are exogenous –

they are pre-determined, acting as an input to the model, rather than being determined

endogenously, included in the technological portfolio to be optimized. Understanding

how every component of the energy system – EST, CBT, as well as solar and wind power

technologies – relates to each other is central to designing a cost-optimal decarbonized

power system. This is because each power generation technology interacts differently

with each of the power balancing technologies. For example, as the daily pattern of

solar power generation follows the load curve, excess solar power could be exported to

neighboring countries via CBT. In this case, solar power and CBT act as complements in
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meeting European power demand. Alternatively, if there is no CBT capacity, but there

is available storage capacity, excess power can be used to charge the EST. EST can thus

substitute CBT and vice-versa, in the case of excess power generation. On the other

hand, wind power is mainly generated during hours of low power demand, thus there is

no residual demand that any excess power generation could meet – at home or abroad.

If EST capacity is available, however, excess power generation can be stored for use at

a later time. In this case, also, wind power and EST act as complements in ensuring

there is available power throughout the day. A model that determines the capacity re-

quirements for each technology endogenously takes into account how each component of

the power system relates to any other component, thus minimizing the aggregate cost of

the power system – and not only the cost of a class of technologies, e.g. power balancing

technologies. The framework put forward in this paper allows for the contribution of each

power system component to be determined endogenously. While the model results of the

cost variations between different energy technology portfolios are in line with previous

research, the change of the overall energy technology mix across all scenarios of power

trade presents a more intriguing picture.

This section is divided in two parts: sub-section 2.6.1 discusses how different energy

technologies interact with each other in ensuring a stable power system, at the aggregate

level across the four countries; subsection 2.6.2 zooms in on the experiences of individual

countries.

2.6.1 The cost-optimal energy technology portfolio at the ag-

gregate level

To understand how the two power balancing options (EST and CBT) can either comple-

ment or substitute each other in enabling a balanced power system, I look at the cost and

energy technology mix over four scenarios: 1) neither of the two options is available – i.e.

each country’s power demand is met solely by instantly generated power from domestic

over-installed capacity of wind and solar power, and, in the absence of EST and CBT,

all excess power is curtailed; 2) only EST are available – i.e. domestic power demand is

met both by instantly generated domestic power and from excess domestic power from

previous periods, available in the storage capacity – but no power imports or exports

are possible; 3) only CBT is possible – i.e. power demand is met by instantly generated

power – both domestically and internationally – and excess power net of exports is cur-

tailed, and 4) both EST and CBT are available. Each portfolio of energy technologies

presented below meets the same level of power demand and is based on the same values

for wind and solar power capacity factors.
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Figure 2.7: Cost of 100% renewable European power system
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Figure 2.7 shows how the total system cost changes across the four scenarios. A

hypothetical power system, where neither EST nor CBT is allowed (scenario 1), would

require a combined investment of 78.5 trillion USD for the four aforementioned countries.

To put this number in perspective, it amounts to over 10 times the annual GDP of these

countries combined. The reason behind this high number is the fact that, as countries

cannot trade nor store the generated electricity surplus, the installed wind and solar

power plants must generate enough power to meet the electricity demand instantly. As

yearly peak demand only occurs for a few hours during the year, most of the installed

capacity will remain idle for the rest of the time. This extreme hypothetical scenario acts

as a basis to put into perspective the costs associated with the three scenarios discussed

next. It helps highlight the role of even low levels of energy balancing technologies in

achieving a least-cost, clean power system.

If energy storage is available (scenario 2), the resulting investment requirements de-

crease by over 98%, down to 1.280 trillion USD. In this case, countries can store the

excess power generated during low-demand periods for use during peak demand hours.

This option significantly reduces the requirements for over-installed capacity for power

generation. Indeed, in the previous scenario, the requirements for installed capacity are

given by the highest level of hourly demand that occurs in a year. This generally hap-

pens for only a few hours of the year, during the winter months, and is several degrees of

magnitude above average hourly demand. Therefore, the large requirements for installed

capacity in the first scenario are used at full capacity for only several hours during the

year.

When instead of storage capacity, cross-border grid capacity is available and countries

can trade excess electricity (scenario 3), the level of required investment drops by 97%,

compared to the no CTB-no EST scenario, to 2.34 trillion USD. However, this number

is 80% higher than that in the EST-only scenario. Each of the two options of energy

balancing technologies, i.e. EST or CBT, can support a fully renewable European power

system with no contribution from the other option – albeit at different costs. However,

when both technologies are allowed in the energy mix (scenario 4), the overall investment

requirements decrease to 772 billion dollar.

Figure 2.8 shows how the energy technology portfolio changes across the four scen-

arios of energy balancing technologies discussed above. In the absence of EST, installed

capacity of wind and solar plants need to meet maximum load for each individual country

– even if maximum load occurs for only several hours during the year. In other words,

this scenario results in large installed overcapacity of power generation technologies.

As EST are introduced in each country’s energy mix, excess power generation is stored

for use at a later date. The correlation coefficient between the daily demand curve and

solar output pattern is much higher than that of demand and wind power. Put differently,
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more excess power is generated during periods with high wind power generation. This

means that, in the absence of export or storage possibility, oversupply of wind power is

discarded. However, in the presence of EST, the excess power generated during times of

low demand is stored for use at a later point in time. In other words, EST help smoothen

power supply over time, reducing the need for over-installed capacity of wind power.

Indeed, as shown in Figure 2.8, introducing EST reduces the requirements for wind

capacity more than the requirements for solar capacity. As discussed before, daily solar

radiation follows the load curve and high wind speed occurs during the hours in the day

when demand is lower. However, these relations reverse at the seasonal level: power

demand increases during winter, when wind speed is higher and solar radiation is lower.

Since a stable power system relies on the instant match between power generation and

load, EST are used to store excess power generated during winter nights for later use,

during day-time.

The contribution of each power technology to meeting demand changes both through-

out the day and throughout the year. During warmer periods, the profile of sun power

output matches the load during the day, while wind power output meets demand during

evenings and early mornings. During colder periods, however, demand is significantly

higher and less synchronized with the solar radiation pattern. In the absence of suffi-

cient solar power generation, increased wind power output is used both to meet instant

demand and to charge the storage capacity, for later use.

Figure 2.8: European energy technology mix
From left to right, the above figures show the optimal installed capacity for wind

(GW), solar (GW) and storage technology (GWH).

If CBT is introduced in the energy mix, instead of EST, both wind and solar installed

capacity are reduced in comparison to the base case, where no EST nor CBT is allowed.

Indeed, in the presence of CBT, country borders are virtually non-existent. Therefore, in

the absence of storage possibilities, countries with excess wind or solar power generation
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can export residual power. In other words, CBT enables the geographical smoothing of

power supply, reducing the need for over-installed capacity.

Finally, when both EST and CBT are included in the energy mix, solar and wind

capacity are further reduced. Indeed, due to the availability of EST and CBT, the re-

quirements for wind and solar power installed capacities drop to 284 GW and 114 GW

respectively. This is equivalent to a distribution of 71.4% for wind and 28.6% for solar

power capacity, in the optimal mix of power generation technologies.

The results discussed previously show that there are large gains stemming from power

trade for the four countries under analysis – representative of the wider European power

system – compared to an approach of isolated national power systems. These gains stem

from the large variation in weather patterns across Europe. A completely integrated

European power system virtually ignores national borders and considers all wind and

solar resources pooled together to achieve a minimum-cost power system, with no con-

sideration to the national distribution of embedded technology – i.e. the physical wind

and solar power plants. Put differently, in the hypothetical case where the same country

would have both the best solar and wind resources, it would be home to all power gen-

eration capacity needed for the entire EU, while all other countries would rely entirely

on power imports. Conversely, in a scenario of complete self-reliance on national power

systems, with no possibility of international power trade, each country must ensure suf-

ficient installed capacity to meet domestic demand. The latter case would result in an

important amount of over-installed capacity for each of the countries considered – with

a correspondingly high cost.

The following subsection discusses how each country’s energy technology portfolio

changes between these two extreme scenarios of no possibility for trade and unrestricted

trade.

2.6.2 The energy technology portfolios for individual countries

Solar and wind resources vary greatly across Europe. Some countries, such as Finland,

are more endowed in wind resources, while others, e.g. Greece, enjoy more sun, on

a yearly average (see Figure 2.2). If each country relied on its own resources alone

and had no possibility to either import or export power, a high share of generated

power would need to be discarded. If, however, an advanced power transmission network

supported a fully integrated European energy system, the requirements for over-installed

capacity would be much lower, due to a more efficient use of aggregate capacity. The

improved aggregate capacity factor would result from wind and solar power capacities

being installed disproportionately more - relative to domestic demand - in countries rich
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in wind and solar resources, respectively.

While an integrated approach yields significant cost reductions, it also brings about

the politically sensitive issue of country-level energy security. Indeed, some countries

would need to rely on a high share of power imports from net power exporting countries.

This situation raises the following conundrum: how can burden bearing and cost

gains be shared equitably among all European countries? Since power demand curves

vary less than potential power generation across countries, the status of either exporting

or importing country is given by the exogenous endowment in wind and solar resources.10

On the other hand, the country-level distribution of the aggregate cost gains – the main

rationale behind the power system integration – is a political question.

To better understand the implications of an integrated European power system for

each of its member countries – that, in turn, would help inform an equitable mechanism

for burden and cost sharing – Figure 2.9 and Figure 2.10 show the distribution of wind

and solar installed capacity for each country and across each of the scenarios discussed

in 2.6.1, respectively.

In the absence of storage possibility, installed wind power capacity needs to meet

maximum load during dark hours, when solar power generation is zero. In the cold

season, which is often more windy, the peak load is very high, compared to the rest of

the year. If EST are not allowed, wind power plants operate at full capacity for a very

limited number of hours during the year – the rest of the time, excess power generation

is discarded. If EST are allowed in the national energy mix, wind power that would

otherwise be discarded is stored and used to meet residual demand during peak time,

thus resulting in a much lower installed capacity of wind power, as seen in the first two

scenarios of Figure 2.9.11

As Figure 2.9 shows, with the availability of energy storage and cross border trans-

mission, the requirements for wind power installed capacity decline sharply. However,

these reductions are not homogeneous across countries. According to this figure, in the

absence of storage and trade restrictions, Finland and Greece become the biggest produ-

cers of wind power in a fully integrated European power mix. This finding is intuitive,

since these countries have the highest wind capacity factors (see Table 2.1).

Given the small surfaces of Finland and Greece, relative to Germany and Spain,

the following questions arise: what is the upper limit of installed wind capacity that

10While the model considers energy storage and cross-border grid in the technology mix, their per-
formance is similar for all countries, i.e. it does not depend on weather conditions.

11Interestingly, the relative position of each country, in terms of wind power requirements, in the EST
capacity only-scenario, is very similar to their relative positions of actual installed capacity in reality:
Germany has the highest installed wind power capacity - 61 GW, followed by Spain with 24.5 GW,
While Finland and Greece have much lower installed capacities, of 2 and 3 GW, respectively (ENTSOE
(2020)).
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Figure 2.9: Wind installed capacity across countries

each of these countries could host? Are these limits in line with the results presented

here? To answer this, it is useful to distinguish between the potentials for onshore and

offshore wind installations. In terms of the potential for offshore wind power installations,

both Finland and Greece have generous coastlines, which make for good locations for

offshore wind turbines. At the EU level, the Offshore Renewable Energy Strategy, which

was developed to support EU’s climate ambitions to become the first carbon-neutral

continent, sees an accelerated development for offshore wind power. Indeed, the targets

for installed capacity for offshore wind are of 60 GW and 300 GW for 2030 and 2050,

respectively, up from the current 12 GW (see European Comission (2020)).

In order to estimate the potential for onshore wind power installations in Finland

and Greece, I use the estimations for land use of power technologies provided by the US

National Renewable Energy Laboratory (NREL). According to these estimates, 1 GW

of wind power requires 200km2 of land. These estimates are in line with those found

by IRENA (see IRENA (2019a) and US National Renewable Energy Laboratory (2020)).

In Figure 2.9, Finland hosts 187 GW of wind power and Greece hosts 93 GW. These

numbers translate to 36.000 km2 and 20.000 km2 of land required for installed wind

power plants in Finland and Greece, respectively. In turn, these estimates correspond

to approximately 10% and 15% of the surfaces of Finland and Greece, respectively.
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Figure 2.10: Solar installed capacity across countries

This conservative estimation ignores the considerable potential for offshore wind power,

discussed above.

Figure 2.10 shows the evolution of the requirements for installed solar power capa-

city across the four scenarios. Similar to installed wind power capacity, solar capacity

requirements are reduced significantly in a well-connected European power system in

the EST-and-CBT case, compared to the other scenarios. Again, this reduction is not

homogeneous across countries. Whether a country experiences a decrease or an increase

in installed solar capacity is determined by the relative size of its solar capacity factor to

the wind capacity factor. Indeed, when energy storage and cross border transmission are

available, Spain and Greece become the only solar power producers in a fully integrated

European energy mix, due to their higher capacity factors for solar power technology

(see Table 2.1).12

As the aggregate capacity and its corresponding cost decrease in a well-connected

12According to IRENA (2019a) and US National Renewable Energy Laboratory (2020), the land re-
quirement for 1 GW of installed solar power is approximately 10% of that required for wind power. This
implies that the 97 GW of installed capacity of solar power in Greece, in the scenario where both EST
and CBT are available (Figure 2.10), would require 10% of the land that the similar size of installed
wind capacity would require, i.e. approximately 1.5% of the country’s surface. This is a conservative
estimate, considering that the existing build environment is a popular option for PV installation.
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European electricity system, the main challenge is to determine how to design an equit-

able mechanism for distributing this cost reduction across all member countries of a

European power system. The reductions in required installed capacity are determined

by both the importance of a country’s wind and solar resources, relative to other coun-

tries, as well as by the relative importance of a country’s wind resources, compared to

its solar resources. Depending on these two levels of comparative advantages of capacity

factors, a country is either a net electricity importer or an exporter, in a pan-European

power system. Indeed, Greece – which displays the highest wind and solar capacity

factors – becomes a net exporter of power, while Germany – with lower capacity factors

– becomes a net importer.

To sum up, a completely integrated, pan-European power system is expected to bring

about important shifts in the country-wise distribution of energy technologies. Some

countries may experience an increasingly high reliance on power imports in exchange for

significantly lower need for investments for their consequentially reduced requirements for

solar and wind power technologies. Other countries would need to build up solar and wind

capacities that would substantially exceed domestic requirements – in order to become

a regional exporter of electricity. Nevertheless, simply allowing unrestricted power trade

across all Europe does not imply that all barriers to a least-cost European power system

disappear. On the contrary, the resulting country-wise redistribution of requirements for

installed capacity brings about the challenges of cost burden and benefits redistribution,

as well as that of the trade-off between economic gains and losses in energy security.

While the design of a mechanism that would ensure such a redistribution is beyond the

scope of the research presented here, it is important to note that it can benefit from

previous experiences of international cooperation for environmental issues, as well as

from related theoretical frameworks.

Indeed, there is no precedent for the integration of power systems of different coun-

tries, at the scale discussed in this chapter for the particular case of a pan-European

power system. However, the challenge of designing a mechanism for determining the

individual contributions for - and gains stemming from - a project that requires interna-

tional cooperation is not new. A recent example is the 2015 Paris Agreement, whereby

signatory countries pledged to limit global warming to “well below” 2 degrees Celsius

above pre-industrial levels and closer to the 1.5 degrees Celsius limit (Rogelj, Den Elzen,

Hohne, Fransen, Fekete, Winkler, Schaeffer, Sha, Riahi and Meinshausen (2016)). Sim-

ilar to one of the questions addressed in this chapter, the Paris Agreement relies on

individual countries agreeing to one common goal that would serve the interests of all of

them. However, while the main objective of the Paris Agreement is broadly welcomed,

the details underpinning its implementation are subject to reluctance and strong debate.

Schacht (2020) suggests this can be improved by addressing the design of the agreement

48



CHAPTER 2. WHAT ARE THE EFFECTS OF POWER TRADE INTEGRATION
ON THE ENERGY MIXES OF DIFFERENT EUROPEAN COUNTRIES?

from a dynamic cooperative game-theoretical perspective. He provides an analysis of the

cooperative game theory literature and finds that several characteristics identified in the

literature as fundamental to the success of international cooperation are either missing

from or only marginally considered in the design of the Paris Agreement. He concludes

that more realistic modeling assumptions and representations of political processes could

significantly improve the applicability of dynamic cooperative game theory to interna-

tional climate agreements. This, in turn, could provide a common, scientifically grounded

yardstick for all participants to assess the successful implementation of an international

agreement. Kaul (2012) argues that the co-existence of both national and supranational

levels in environmental decision making in the EU can accelerate the transition of indi-

vidual member states to a low-carbon economy, and can help position the EU as a world

leader in progress on climate issues. A detailed discussion of the political hurdles ahead

of and the mechanisms for achieving a lowest-cost EU clean energy system is beyond the

scope of the research presented in this chapter. However, as discussed here, this issue

can be operationalized using findings from the cooperative game-theoretical literature

and empirical analysis of instances of international cooperation on environmental issues.

The country-level gains stemming from a well-connected European energy system

thus transcend the economic dimension and point towards a new paradigm of European

energy policy-making. Some of the most important rationales underlying these new power

relations are considerations of energy security – that is, how strongly reliant individual

countries are willing to be on electricity imports from other European countries. The

following section conceptualises the issue of energy security in terms of thresholds of

power system inter-connection in order to gain some insights into the above-mentioned

trade-off.

2.7 Aggregate cost and country-level technology mix

across integration thresholds

In subsection 2.6 I discussed how each energy technology interacts with each of the other

components of the power system, in the context of a fully renewable European power

system. I found that the relation between any two technologies shifts not only across

scenarios, but also with the level of seasonality within a certain scenario. Moreover, I

discussed the implications of a completely integrated European electricity sector for each

country – that is, whether it becomes either a net importer or exporter of electricity.

The results emphasized that, in the absence of an appropriate cost-and-gains sharing

mechanism, the cost savings resulting from reduced requirements for installed capacity
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are not distributed uniformly across European countries.

The results presented previously focused on economic and technical considerations

and only marginally addressed the political aspect. The current section focuses on the

political implications of the discussion of a clean European power system – conceptualized

as thresholds of European power trade, or caps on electricity imports.13

The only change in the model setting is therefore an additional constraint on the level

of domestically generated power (see equation 2.4). The model has the same output

variables, i.e. it calculates the optimal levels of requirements of installed capacity for

wind and solar power technologies, EST and the corresponding costs. I look at the

following six scenarios of power trade integration:

1. countries are entirely isolated and self-sufficient – corresponding to the EST-only

case in the previous section;

2. countries can access the international storage capacity, as long as annual domestic

power generation is sufficient to meet annual demand. In this case, the storage

capacity is accessible to all countries and excess power generated in one country can

be used to meet demand in a different country, as long as annual power demand does

not exceed annual power generation for any country. This hypothetical scenario

serves as an intermediate step between complete country isolation and a minimum

level of power trade. It highlights the fact that important cost benefits arise with

a minimum loss of energy security;

3. countries meet at least 75% of their annual load by power generated domestically

– i.e. power imports make up no more than 25% of a country’s annual electricity

consumption;

4. countries meet at least 50% of hourly load by domestic power generation;

5. they meet at least 25% of load by power generate domestically, i.e. they can import

up to 75% of yearly electricity needs and

6. there is no cap on imports, thus no minimum required domestic generated power,

i.e. power trade is unrestricted.

I first discuss how the overall investment requirements of a European power system

behave across these scenarios. I then turn to the underlying dynamics of wind and

solar installed capacities for each country and across all scenarios. Finally, I discuss the

resulting requirements for EST capacity across the integration scenarios, at the aggregate

European level.

13The model considers exclusively caps on imports as a domestic decision. External supply shocks are
not discussed.
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Figure 2.11: Cost of a fully renewable European power system
for different trade integration levels

2.7.1 The aggregate investment requirements for a European

power system across integration thresholds

Figure 2.11 shows the levels of investment requirements for all scenarios of power system

integration considered here. As defined in the previous section, in the case of “EST

capacity only” there is no possibility for power trade. As this restriction is relaxed,

electricity trade increases gradually. A level of self-sufficiency of ψ% means that countries

must meet at least ψ% of their annual electricity demand from domestic power generation

(see equation 2.4). For simplicity, I consider that aggregate excess power generation is

stored in a shared storage facility.

The overall cost reduction between the two extreme scenarios of entirely isolated

and fully integrated power systems is 39.7%, dropping from 1.280 trillion USD to 772

billion USD. This difference represents the upper limit of aggregate potential cost savings

underlying a completely integrated, pan-European electricity system.

As Figure 2.11 shows, removing the trade restriction yet insisting on 100% annual

self-sufficiency reduces the overall costs by 37 bln USD, or 2.9%. Further relaxing the

100% self-sufficiency constraint results into much larger cost reductions. For example, if

countries rely on power imports up to the level of 25% of demand ( which corresponds to

75% self-sufficiency), the overall cost of the pan-European electricity system drops to 987
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Figure 2.12: Country distribution of installed capacity of wind power
for different trade integration levels

bln USD. These cost savings are due to the fact that wind and solar power technologies

can be located in countries with higher capacity factors.

2.7.2 Energy technologies across different integration thresholds

Figures 2.12 and 2.13 show the evolution of installed capacity of wind and solar power,

respectively, for each country and across all scenarios. I observe country-level shifts of

installed capacity of both wind and solar power not only in absolute, but also in relative

terms. In other words, some countries will experience an increase in their requirements

for installed capacity, as power systems become more integrated.

Installed wind capacity across countries and integration thresholds

As we can see in Figure 2.12, with further integration of the power system in Europe, the

overall investment requirements for wind power do not change considerably. As we saw

before, hourly wind power generation is weakly correlated with hourly demand. When

storage capacity is available – as is the case for all scenarios in Figure 2.12 – the excess

wind power generation can be stored for use at a later time.

In the case of no cross border trade (EST capacity only), all countries have domestic

storage capacity. As hourly solar power generation is strongly correlated with demand,
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the storage capacity is mainly used for electricity produced during times of high wind

power generation. The requirements for wind power installed capacity are proportional

with the demand level, for all countries.

However, as trade restrictions are relaxed, the optimal location for installing the wind

turbines changes. When trade is possible, but countries must meet 100% of their annual

electricity demand with national production, the requirements for installed capacity in

Germany, the largest electricity consumer, increase significantly, while those for Spain

vanish. As trade restriction are further relaxed, installed capacity in Greece and Finland

increases significantly. This is due to their much higher average wind capacity factors. In

a fully integrated European electricity system virtually all of the wind power plants are

installed in these two countries. In other words, while the aggregate level of installed wind

power capacity changes very little across the trade integration scenarios, the country-level

distribution of these requirements changes substantially.

Installed solar capacity across integration thresholds

The change in aggregate solar power capacity is more pronounced in comparison to the

reduction in wind power capacity, as trade barriers between countries are lifted. As

shown in Figure 2.13, in the case where no trade is possible (first scenario), the optimal

solar capacity is approximately 233 GW.14 However, as trade restrictions are lifted, this

number declines to less than half, in the case of unrestricted trade.

Despite the difference in the aggregate levels, the changes in requirements for installed

solar capacity across the power system integration thresholds resemble those of wind

capacity, when we look at the individual countries. In the case of unrestricted trade,

all solar capacity is installed in Greece and Spain, the countries with the highest solar

capacity factors.

EST capacity across integration thresholds

Figure 2.14 shows the changes in EST capacity across the integration thresholds. As

expected, the requirements for EST capacity are lower in the “100% self-sufficient” scen-

ario, compared to the “EST capacity only” scenario. When countries are allowed to

access each other’s storage capacities – both to charge them with excess generated power

and to use them in meeting residual load – each country essentially has an additional

source for meeting demand, thus reducing the individual requirements for EST. Indeed,

peak production differs across countries (see Figure 2.5), therefore countries do not al-

ways compete for available storage capacity at the same hour. In addition, wind capacity

14This value is less than four times larger than the current combined installed capacity of solar power
in the four countries, which is approximately 60 GW (ENTSOE (2020)).
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Figure 2.13: Country distribution of installed capacity of solar power
for different trade integration levels

factors – and their patterns – differ across countries as well, which means that there is

production of excess electricity during all hours, which can charge the storage capacity.

EST capacity requirements decline sharply as trade restriction are lifted. The re-

quirements for storage capacity in the ”unrestricted trade” scenario correspond to 36%

of the requirements in the ”no trade” scenario.

2.8 Concluding remarks

The ongoing European electricity system transition is a complex process with important

technological, economic and political implications. This chapter attempts to present a

framework for understanding the trade-offs between these dimensions.

In a first step, it looks at how different energy technologies interact with each other,

with a focus on energy storage technologies and over-border grid extension and finds that

these two energy balancing options can individually support a clean European system,

alongside RET, but a cost-optimal system relies on both options. More importantly, it

finds that the relations between each balancing option and each RET vary significantly

– and even more so when we look at the experiences of individual countries.

In a second step, this chapter looks at intermediary scenarios between the two extreme

cases of complete country isolation – corresponding to the EST-only scenario – and
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Figure 2.14: EST capacity requirements, in gigawatt-hours
for different trade integration levels

unrestricted power trade – corresponding to the EST-and-CBT scenario. This analysis

reveals important insights into the change of the requirements for each energy technology

across integration thresholds and across countries. I find that access to international

storage capacity alone, even when countries must meet 100% of annual demand from

domestic power generation, has a large impact on the European energy mix – and its

related cost. Indeed, it reduces the requirements of costly storage capacities – which, in

the absence of CBT, remain idle for large periods of time.

Furthermore, I find that, as trade restrictions are relaxed, the required aggregate

wind and solar capacity continuously fall. This aggregate decrease has different implica-

tions for different countries. Countries with relatively higher capacity factors for either

wind or solar power experience significant increases in capacity requirements, thus be-

coming net electricity exporters, while countries with relatively lower capacity factors

will increasingly rely on electricity imports. Therefore, there is a strong heterogeneity

in how countries experience the changes in installed capacity of each technology across

integration thresholds.

During the process of power trade integration, some countries are faced with the

decision of further integration, at the cost of incurring additional installed capacity.

Moreover, different countries are faced with this decision at different points in the power

integration system. While the increased installed capacity seems, at first, a higher cost for
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an individual country, it can be covered by the aggregate cost savings. Since overall cost

savings are significantly higher than the sum of the individual country-level cost increases,

net cost savings would have to – at least partly – finance an incentive mechanism so that

all countries agree on the desired level of power systems integration early on in this

process.

However, while economic gains are relatively easy to determine and compare, the

same does not hold for the political aspect of energy security. As discussed in Section

2.7, a clear understanding of the trade-off between economic and political considerations

is key to achieving a cost-optimal European electricity system. One way of approaching

this trade-off is to operationalize the issue of energy security as levels of power system

integration.

These findings point to the importance of having clear targets for RET and European

power system integration early-on in the integration process, as opposed to addressing

this process as a linear scaling up/down of a determined energy mix of a country that

becomes a net electricity exporter/importer. The results also show that the aggregate

cost-optimum does not occur at the same point in the integration process, as all country-

level cost-optima. Thus, an incentive mechanism is needed that would ensure a fair

distribution of cost and benefits underlying a clean European power system, across all

member countries. The framework advanced in this paper aims to be a first step in this

direction.
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Appendix 2.A Simulation results

As explained in the Model Calibration section, I randomly sample pairs of hourly wind

and solar capacity factors (i.e. CFW,t and CFS,t) 100 times. I then run the optimization

problem outlined in equations 2.1 to 2.4 for 100 times, using these randomized datasets

of solar and wind capacity factors (CFS,t, CFW,t). For each optimization, I obtain the

results for the optimal requirements for install capacity of wind and solar power plants

and the optimal values for the storage capacity. I therefore have 100 resulting values for

each output variable. The analysis presented in this chapter is based on the average value

of these model results. Table 2.3 in this appendix reports the average and the standard

deviation of all 100 model results, for each scenario discussed in this chapter.
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Table 2.3: Summary statistics of the 100 simulations results

Panel A: Total Cost (Bln US dollars)

Average Standard Deviation

Spain Finland Greece Germany Spain Finland Greece Germany

No cross-border grid &
No EST capacity

1767.6 1624.1 5023.2 70141.0 346.7 390.4 2373.2 39650.4

EST capacity only 390.6 88.7 62.5 737.9 8.5 6.4 2.0 37.1

Cross-border grid only 1020.0 607.8 426.1 288.0 292.3 246.4 274.2 180.8

100% Self-sufficient 331.4 187.9 161.9 561.3 19.6 21.6 20.0 18.9

75% Self-sufficient 227.6 225.0 117.5 416.7 9.1 23.7 26.1 9.7

50% Self-sufficient 162.3 287.9 136.7 297.0 7.7 32.5 41.9 9.2

25% Self-sufficient 103.8 329.6 201.0 176.7 13.6 35.5 46.4 12.1

Unrestricted 69.3 340.2 311.6 51.0 43.6 30.3 53.8 14.2

Panel B: Installed Wind Capacity (GW)

Average Standard Deviation

Spain Finland Greece Germany Spain Finland Greece Germany

No cross-border grid &
No EST capacity

1078.3 983.3 3195.2 44299.4 234.8 273.8 1538.4 25946.4

EST capacity only 52.7 30.4 16.9 197.8 1.7 0.3 0.6 4.2

Cross-border grid only 592.3 373.4 217.2 178.2 185.4 152.4 169.0 112.7

100% Self-sufficient 0.7 30.4 21.1 247.8 3.4 0.2 5.8 8.0

75% Self-sufficient 0.1 92.9 27.2 165.7 1.1 13.2 17.3 7.7

50% Self-sufficient 0.2 144.3 47.8 95.1 1.6 20.9 24.7 10.1

25% Self-sufficient 0.4 177.7 75.0 36.0 2.5 21.5 22.1 19.3

Unrestricted 1.6 187.0 93.5 1.6 4.8 17.4 19.9 8.5

Panel C: Installed Solar Capacity (GW)

Average Standard Deviation

Spain Finland Greece Germany Spain Finland Greece Germany

No cross-border grid &
No EST capacity

78.4 81.4 57.0 1197.3 44.1 104.9 187.3 6172.1

EST capacity only 85.0 1.0 9.2 138.1 2.4 0.8 0.9 5.4

Cross-border grid only 83.1 23.6 73.0 9.6 75.9 46.3 51.7 33.0

100% Self-sufficient 170.9 0.0 2.7 57.9 5.4 0.0 9.2 12.8

75% Self-sufficient 128.9 0.0 1.5 77.3 1.7 0.0 6.8 12.2

50% Self-sufficient 85.9 0.0 3.4 77.3 2.9 0.0 14.6 16.7

25% Self-sufficient 44.4 0.0 28.4 58.0 9.9 0.0 37.5 32.3

Unrestricted 16.4 0.0 97.4 0.0 33.6 0.0 34.6 0.0

Panel D: Installed Storage Capacity (GWH)

Average Standard Deviation

Spain Finland Greece Germany Spain Finland Greece Germany

No cross-border grid &
No EST capacity

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

EST capacity only 9757.7 1917.5 1189.9 12489.4 403.8 312.2 96.0 1791.0

Cross-border grid only 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

100% Self-sufficient 23523.6 1881.8

75% Self-sufficient 13776.6 899.6

50% Self-sufficient 11167.6 728.9

25% Self-sufficient 9658.8 632.8

Unrestricted 9187.1 564.2

Note: This table reports the average and the standard deviation of the optimal values in the 100 simulations.
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Chapter 3

Effects of renewable energy on

electricity price level and

variance

3.1 Introduction

The transition away from a fossil fuels-intensive power system is accelerating, globally,

with variable renewable energy (VRE) – namely solar and wind power – making up the

bulk of newly installed capacity. In 2019, solar and wind power technologies accounted

for over 90% of newly installed capacity of renewable energy (Fig. 3.1), which, in turn,

accounted for over 70% of newly installed capacity of all energy technologies (see Figure

2.1 in Chapter 2) (IRENA (2020)). In OECD countries, the share of renewable energy

in the power mix increased from approximately 20% in 2010, to more than 35%, in 2018

(IEA (2020)).

This rapid increase brings about challenges for national power systems in general,

and for the electricity markets, in particular. In case of the former, increased system

flexibility – through more storage and interconnection capacity – is required, in order

to accommodate a growing share of intermittent power from VRE. As for the electricity

market, there are several short-term and long-term effects of VRE: the main short-term

effect is that VRE puts a downward pressure on electricity prices, via two mechanisms:

1) by displacing flexible conventional technologies, with higher marginal cost (such as

gas-fired power plants) and 2) by forcing less flexible conventional power technologies

(such as coal-fired power plants) to operate at a loss, in order to avoid higher shutting
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Figure 3.1: Global installed capacity of renewable power
Source: IRENA (2020)

down/restart costs. The presence of these two mechanisms has been confirmed by an

increasing number of theoretical and empirical studies, as discussed in the following

section of this chapter.

A second short-term effect of VRE is that on the variance of the electricity price.

Price variance is one of the main decision factors for investors in both VRE technolo-

gies and ancillary and arbitrage technologies – such as energy storage technologies. In a

power system with a high reliance on VRE, energy storage technologies are essential in

meeting power demand during times of low solar radiation or wind speed. This class of

technologies can store cheap electricity, generated during periods with high wind speed

and high solar radiation, for later use in times of excess power demand. Hence, storage

technologies can act a vehicle to reduce electricity price volatility. The decision to invest

in storage technologies is based on their expected potential revenue, given by the spread

between low and high prices of electricity. Despite the important implications of the ef-

fect of VRE on the variance of electricity prices, empirical research on this topic has been

limited, although it is currently attracting increasing interest. This chapter specifically

addresses this gap in the empirical literature.

In terms of the long-term effects on the electricity market, VRE is expected to lead

to lower electricity prices, together with a new technological configuration of the power

system. Additionally, it is expected to drive significant changes in the operation of the
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electricity market – in terms of the relative volumes of power traded on the different

time scales of the electricity market, as well as the remuneration mechanisms. More

specifically, the electricity system currently operates based on an energy-only market,

i.e. power plant operators are remunerated based on the amount of power they feed in to

the transmission grid, according to contracts with varying maturity, that have been closed

sometimes years in advance to actual real-time transmission. However, with a growing

share of VRE, flexible reserve capacity – such as that provided by gas power plants –

becomes increasingly important. This is because power output of conventional plant

can be forecasted more accurately than that of VRE, especially over long time horizons.

Therefore, the reserve capacity, used to correct real-time differences between forecasted

and actual power generation requirements, is expected to increase. These anticipated

effects of VRE have motivated the discussion of transitioning towards a capacity market

– whereby power plant operators are remunerated based on the (idle or not) flexible

capacity, instead of only the electricity they generate.1

Therefore, a clear understanding of the effect of VRE on the electricity price and

its variance is crucial when informing decision making both for investors in VRE and

ancillary services, as well as for the redesign of the electricity market. Nonetheless,

the literature regarding the effect of VRE on the volatility of electricity price is very

limited, with the topic only very recently benefiting from academic interest. This chapter

contributes to this limited literature by focusing on the short-term effects of VRE on the

electricity market and addressing the following questions: 1) What are the effects of solar

and wind power on electricity price and its variance? And 2) how do these effects change

with an increasing contribution from VRE?

To answer this, I use recent data of solar and wind power generation (2015 - 2017)

for ten European countries, thus covering the recent upsurge in VRE power as well as

a wide geographical area. This is an important contribution to the existing literature,

which uses earlier data – when the share of VRE was significantly lower – and which

focuses on a single country. Indeed, most empirical research to date looks at the effect of

VRE on the variance of German electricity prices, as discussed in the following section.

For these reasons, this chapter is an important contribution to the current empirical

literature. I use a pooled panel GARCH model to address the questions stated above.

This setting is appropriate for two reasons: 1) the pooled panel data setting allows us

1The term “energy-only market” is defined in the energy economics literature as being essentially an
“electricity-only market”, as opposed to “capacity markets.” In the former case, power plant operators
are remunerated for the actual electricity they generate - and sell. In the latter, they are remunerated
based on the available capacity, both when it is generating power and when it is on stand-by. Therefore,
in this case, there is a premium for providing back-up capacity and flexibility in power generation. The
distinction between “energy-only” and “capacity” markets is discussed more at length in the following
section. While these are not fundamental topics for the research presented here, it is useful to understand
the distinction between them, in order to navigate certain parts of the literature discussion.
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to check the robustness of the VRE effects over a wide geographical area with different

weather patterns, while controlling for individual country effects, and 2) the GARCH

setting allows us to look at the effect of VRE on both price level and variance, while

explicitly accounting for heteroskedastic error terms. This research contributes to the

existing literature in several ways: 1) it is one of the first empirical studies looking at

the effect of VRE on electricity price variance; 2) unlike existing studies that look at

a single country at a time – usually Germany – I use data for ten European countries,

covering diverse weather patterns; this allows us to understand how the VRE effect

changes for different weather contexts; and 3) I use recent data on VRE generation,

which is considerably higher than that of only a few years ago.

The remainder of this chapter is organised as follows: Section 3.2 discusses the the-

oretical and empirical literature on the effect of VRE on both the level and variance of

electricity prices. The data and the model are discussed in detail in sections 3.3 and 3.4,

respectively. In section 3.5, I discuss the results of the model and section 3.6 presents

the concluding remarks and discusses the policy implications.

3.2 The effects of VRE on the electricity market

The recent growth in renewable energy in terms of both absolute contribution and share

in the energy mix has brought about many challenges to the electricity system in general

and to its market and technical structure, in particular (IRENA (2018), REN (2018)).

The main technical challenge refers to the flexibility requirements of the power system, in

order to accommodate an increasing share of intermittent power generation. As for the

challenges to the incumbent market structure, an increase in VRE – in both absolute and

relative terms – is underway, thus reshaping the traditional functioning of the electricity

market. These challenges are documented by an expanding literature, discussed in the

remainder of this section.

Deregulated electricity markets currently operate based on the microeconomics the-

oretical principle of lowest marginal cost. More specifically, the electricity price is given

by the marginal cost – which is usually associated with the fuel cost – of the technology

which meets the last unit of demand. An increase in VRE – with almost zero marginal

cost – shifts the supply curve to the right, thus lowering the wholesale electricity price.

This is known in the literature as the “merit order effect” of renewable energy on the

electricity price (see Fig. 1.3 in the Introduction chapter).

There is a large theoretical literature that anticipated this effect, before VRE made

up a significant share of the power mix. Subsequently, theoretical models were extended

to include different aspects of the power system and the electricity market, such as the
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level of competition, availability of flexibility measures etc.2 This strand of literature is

complemented by a growing empirical literature on an increasing number of countries

that confirms the presence of the merit order effect, and more recently, addresses the

effect on price variance as well. These two strands of literature are discussed below.

Martinez-Anido, Brinkman and Hodge (2016) use a production cost model of the New

England Independent system operator to look at the effect of wind power on electricity

prices, for different scenarios of wind power forecasts and the possibility of wind power

curtailment. They find that, in the absence of adequate forecasting technology and

possibility of curtailment, electricity prices drop significantly, due to the higher frequency

of negative prices incurred by conventional power plants.3 Additionally, they find that

wind power is associated with an increase in price variance and they suggest allowing for

wind power curtailment, in order to reduce the price variance for higher levels of wind

power.

Acemoglu, Kakhbod and Ozdaglar (2017) study the effect of portfolio diversification

on the merit order effect, in an oligopoly where incumbent electricity producers operate a

portfolio of both traditional and renewable power plants, while new market entrants op-

erate only renewable energy plants. They find that this market setting allows incumbent

utilities to shut down traditional power plants and only produce renewable power, during

times of high power generation from renewable technologies. This reduces the magnitude

of the merit order effect, since conventional power plants do not compete with renewable

ones in the same time interval. In the extreme case where all renewable power plants

are owned by incumbent producers, who continue to operate conventional plants as well

- i.e. there is no competition with new, renewable energy-only producers -, the merit

order effect disappears entirely. At the other extreme, the strongest merit order effect

occurs when each technology is owned by a different producer. In other words, portfolio

diversification within energy producers is associated with an lower decrease of electricity

prices, compared to the case where one producer operates a single type of technology.

Hirth (2013) develops a mixed econometric and optimization analysis to look at the

market value of wind and solar power. He defines the market value as “the revenues

that generators can earn on markets, without income from subsidies” and finds that, for

low levels of penetration of wind power in the energy mix, its market value is marginally

higher than that of a power technology with constant generation. However, this value

drops to 50% - 80% of that of a constant generation source, when the share of wind power

increases to 30%. For solar power, the same drop happens at lower levels of penetration,

2A flexible power system is a system that can respond quickly to changes in power demand or supply.
Flexibility measures include power plants that can quickly ramp up power generation, available storage
capacity and others.

3As discussed in the Introduction chapter, conventional power plants may choose to charge negative
prices when the cost of temporarily shutting down is higher than the loss incurred by negative prices.
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of 15%. Hirth (2013) argues that this drop in the market values of VRE technologies

can be mitigated by measures that address the issue of power output variability, inherent

in these power technologies. More specifically, he suggests integration measures such

as investments in transmission capacity and increased flexibility of combined heat-and-

power (CHP) plants points to a series of measures that could mitigate this drop in the

market value of VRE technologies.

There are few recent theoretical studies that look explicitly at the effect of inter-

mittent renewable energy on electricity price variation. Wozabal, Graf and Hirschmann

(2016) develop a theoretical framework to understand this effect and apply it to Ger-

man data. They construct a static market model with inelastic aggregate demand and a

monotonically increasing convex supply curve. The fluctuations inherent in daily VRE

supply are reflected in the daily residual demand, i.e. demand net of VRE. They find

that daily price variation can either increase or decrease, as a result of a growing share of

VRE. The direction of this effect depends on two factors which act in opposite directions.

The first factor is the shape of the residual demand distribution with respect to price –

i.e. the density function – shown on the x-axis in Figure 3.2. The second factor is the

slope of the supply function. In other words, if the introduction of (more) VRE does

not change the shape of the residual demand distribution – i.e. demand net of VRE

(as shown on the x-axis of panel a in Figure 3.2) – then VRE will lead to lower price

variance (as shown on the y-axis of panel a in Figure 3.2). However, if the shape of the

distribution is affected by an increase in VRE (as shown in panel b in Figure 3.2), the

effect on price variance is ambiguous and depends on the slope of the supply function.

To further clarify the effect of VRE on price variance, the authors relax the assumption

of supply curve convexity, in order to account for dynamic dispatch decisions, i.e. the

inflexibility of conventional power plants in ramping up/down power generation. This

setting is better suited when modeling instances of low demand and high VRE production

feed-in (e.g. during evenings). In these cases, electricity prices can drop below zero, as

base-load plant operators compete with almost-zero marginal cost VRE and find it more

convenient to operate at a loss, rather than to shut down their plants.

The new assumption of plant inflexibility is modeled by a supply curve that consists

of a concave part, followed by a convex part – known as an “inverse S-shape” (Fig.

3.3, panel a). In this theoretical setting, the authors find a U-shaped relation between

residual demand and price variation: the price variation is high for both high and low

values of residual demand, and lower for moderate values of residual load distribution

(Fig. 3.3, panel b).

Wozabal, Graf and Hirschmann (2016) then use German data to empirically test the

presence of this effect. They conclude that the effect of VRE on price variance depends

on two factors, which act in opposite directions: the amount and variation of VRE are
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Figure 3.2: The effect of residual demand on electricity price variance: the case of a
convex supply curve
Panel a: If an increase in VRE does not change the shape of the residual demand,
price variance decreases. Panel b: If an increase in VRE changes the shape of the
residual demand, the effect on price variance is ambiguous. The red curves represent the
distributions of the residual demand (on the x-axis) and of the price (on the y-axis); the
level of price variance is implicit in the kurtosis of the distributions.
Source: Wozabal, Graf and Hirschmann (2016), p:691.

Figure 3.3: The effect of residual demand on electricity price variance: the case of a
concave-convex supply curve
Panel a: price effects with a concave-convex supply function. Panel b: effects of a shift
in the mean demand on the variance assuming a concave-convex supply function; the red
curves represent the distributions of the residual demand (on the x-axis) and of the price
(on the y-axis); the level of price variance is implicit in the kurtosis of the distributions.
Source: Wozabal, Graf and Hirschmann (2016) p:693.
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positively associated with price variation, i.e. they move in the same direction. However,

the higher the correlation between VRE feed-in and demand, the weaker this effect will

be. Indeed, for correlations above a certain threshold, VRE has a negative effect on

price variance – with solar power having a more pronounced negative effect than wind

power. Solar power is stronger during the day, when demand is high, while wind power

is stronger at night, when demand is low.

Sensfuß, Ragwitz and Genoese (2008) use a detailed electricity market agent-based

model to quantify the merit order effect. They calibrate the model with hourly German

data and find that the drop in electricity prices - i.e. the magnitude of the merit or-

der effect - more than compensates the financial support schemes for renewable energy.

Würzburg, Labandeira and Linares (2013) use daily data to develop an empirical model

to understand the magnitude of the merit order effect across different levels of demand.

They find that the effect is not significantly stronger during days of high demand. They

argue that this may be due to the fact that gas-powered plants are still used to meet the

bulk of this demand, for the period under consideration (2010-2012). However, as the

installed PV capacity increases, it displaces gas-fired power plants, in particular during

mid-day hours, when power demand peaks. This leads to an increased variation of the

merit order effect for different hours of the day – which, in turn, are associated with

specific VRE technologies (Paraschiv, Erni and Pietsch (2014)).

Cludius, Hermann, Matthes and Graichen (2014) use hourly time-series data to de-

velop an empirical model and use their results to develop a forecasting model for the

merit order effect. They find that the size of this effect increases considerably with the

share of VRE. This leads to lower revenues for VRE plant operators. More importantly,

as this support is unequally borne by different types of consumers - i.e. industrial and

household consumers –the increasing merit order effect overcompensates industrial con-

sumers.4 The authors therefore argue that this reduced revenue – and its implications

for consumers – should be taken into account when (re)designing the financial support

mechanisms for VRE.

Hildmann, Ulbig and Andersson (2015) also point to required changes in the current

operation of the power system – and, more specifically, of the electricity market – motiv-

ated by the merit order effect. However, they argue that the challenges brought about

by VRE can be accommodated through smaller changes to the system than previously

thought. More specifically, they address the debate of energy-only versus capacity mar-

kets. As discussed in the introduction of this chapter, electricity markets are currently

energy-only markets, meaning that power plant operators are remunerated depending

4This is due to the fact that the subsidies for VRE are indirectly financed by tax on households, while
industrial consumers – i.e. “privileged consumers” – are excluded. As the merit order effect increases,
wholesale electricity prices decrease, thus disproportionately benefiting industrial consumers.
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on the amount of electricity they produce, and not on the (potentially idle) installed

capacity. More specifically, the electricity price is given by the marginal cost of the last

power technology in use to meet demand – which, for conventional power plants, consists

mainly of the fuel cost. As the contribution from VRE increases, it replaces conventional

power, thus reducing the revenues for operators of conventional power plants.5 However,

due to the intermittent nature of VRE, flexible back-up capacity becomes more import-

ant. The current electricity market design does not reflect the value of this flexibility.

This has motivated the discussion of a transition from the current, energy-only market,

to a capacity-market, in which plant owners are remunerated based on the installed capa-

city. Hildmann, Ulbig and Andersson (2015) argue that this transition is not necessary,

as long as two adjustment are made: 1) increasing the share of power traded on the

day-ahead market (and reducing the volume traded on the forward market),6 and 2)

reflecting the true marginal cost of VRE in the price at which they are traded (in other

words, accounting for the operation and maintenance costs, not only for the zero “fuel”

cost).

Kyritsis, Andersson and Serletis (2017) provide one of the first empirical studies that

uses a univariate GARCH model to address the effect of VRE on daily electricity price

variance. They look at the effects of solar and wind power in Germany between 2010

and 2015 and find that solar power reduces price variance, while wind power increases

it. This period was marked by profound changes in the German electricity market. One

such change was the down-scale of nuclear power, announced in 2011, and a second

important development was the surge in contribution of VRE-sourced electricity to total

electricity supply from 16.6% in 2010, to 30.1%, in 2015 (Kyritsis, Andersson and Serletis

(2017)). This rapid development of VRE integration in the German power system raises

the question of whether the effects of VRE on the electricity market are uniform across

different levels of VRE integration, or they change, as VRE become more important in

the energy mix.

A clear understanding of how the gradual uptake of VRE is expected to impact the

status quo of electricity markets is necessary for the design of the policy framework

required to support the transition to a VRE-intensive power system – in Germany and

across the EU. The research presented in this chapter addresses this issue by looking at

the effects of both solar and wind power on the level and volatility of electricity prices

5This situation is known in the literature as the “missing money problem” (Hildmann, Ulbig and
Andersson (2015)). It refers to the fact that, despite the reduced revenues, conventional power plants
are needed in the power system for their flexibility services.

6A central feature of the current design of European electricity markets is their time dimension.
Sequential electricity markets are organized according to how far into the future the actual electricity
delivery is agreed on to take place: the forward/futures markets operate from years up to the day before
the actual delivery; the day-ahead market is active on the day before the delivery; on the intra-day
market, electricity is traded during the delivery day itself.
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for different levels of VRE-intensity, for the 2015 - 2017 period across ten EU countries.

As mentioned above, most of the empirical literature on the effect of VRE on the elec-

tricity market focuses on Germany, due to its long history of promoting VRE. However,

the geographical scope of these studies is rapidly diversifying. Gelabert, Labandeira and

Linares (2011) use hourly data to look at wind, solar and co-generation (with mainly

gas and biomass as fuels) power jointly – collectively termed “special regime” – in Spain

and find that the magnitude of the merit order effect decreases, as the share of the

“special regime” power technologies increases. However, this finding may be due to the

gas-powered co-generation plants in the “special regime” portfolio, since they do not look

at the individual effects of each power technology. Clò, Cataldi and Zoppoli (2015) use

daily data to look at the effect of solar and wind power on electricity prices in Italy.

In line with Gelabert, Labandeira and Linares (2011), they find that the magnitude of

the merit order effect decreases as the share of VRE increases. Furthermore, they find

that solar power has a stronger merit order effect – in other words, the reductions in

electricity prices are larger for solar power than for wind power, mainly due to the larger

prevalence of solar power, compared to wind power. However, the electricity cost reduc-

tions associated with solar power are lower than the cost of financial support schemes

– indirectly borne out by the final consumer. The opposite is true for wind power, as

the savings resulting from price reductions more than compensate the cost of support

schemes. Forrest and MacGill (2013) look at the merit order effect of wind in Australia,

and contrary to Gelabert, Labandeira and Linares (2011) and Clò, Cataldi and Zoppoli

(2015), they find that this effect becomes stronger, as wind power capacity increases.

In a comparative study, Rintamäki, Siddiqui and Salo (2017) develop an empirical

model to look at the effect of VRE on the variance of daily electricity prices in Germany

and Denmark. They find mixed results: in Denmark, wind power is associated with a

reduction of price variance, while in Germany, wind power increases variance and solar

power is associated with a decrease in price variance. This is due to two main differences

between the two countries: first, wind power in Denmark is more evenly distributed across

all hours of the day, whereas wind power in Germany is more pronounced during off-peak

hours, thus decreasing the already low prices in these hours; second, Denmark has higher

cross-border transmission capacity, compared to the level of its domestic demand – it

therefore has access to both the generous hydro-power reservoirs of its Scandinavian

neighbors, during hours of peak domestic demand, and to foreign markets, where it can

export the excess wind power generated during off-peak hours. The authors did not

consider the effect of solar power in Denmark due to its small installed capacity.

Sapio (2019) develops a quantile regression model to analyse the effects of wind and

solar power on the level and volatility of electricity prices in six Italian regions, over the

2006 – 2015 period. Their findings confirm the presence of the merit-order effects of
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both wind and solar power, with different characteristics: the merit-order effect of wind

power is significant across all quantiles and all regions, but the magnitude of its effect on

peak-time (i.e. higher) prices differs across regions; on the other hand, the merit-order

effect of solar power is stronger for off-peak (i.e. lower) than for peak prices and loses

its statistical significance, when year dummies are included. At the same time, solar

power is found to increase price volatility, while the effect of wind power on volatility

is ambiguous. The model choice of Sapio (2019) of six Italian regions and quantile-level

analysis helps highlight the heterogenous effects of wind and solar power on electricity

price and volatility across time and space.

The current chapter contributes to this growing literature in three main ways: first,

it develops a multivariate GARCH model to look at the effect of solar and wind power

on the level and variance of electricity prices. GARCH models are a standard method

to study price volatility in the financial literature, but have only recently been used to

look at the volatility of electricity prices, in the context of a growing share of VRE. This

chapter presents the second GARCH model that addresse the relation between VRE and

electricity price variance, after Kyritsis, Andersson and Serletis (2017), to the author’s

knowledge. A second contribution is the large geographical coverage of the study - ten

countries, compared to the standard one-country analysis. This allows us to understand

whether the sometimes contradicting findings in the literature - related to the effect of

VRE on the volatility of electricity prices - are due to an individual country’s weather

pattern, or to the different shares of VRE. This brings us to the third contribution of this

chapter - the use of recent data of solar and wind power to total power load, when these

two technologies make up a significant share of power in all countries under analysis.

3.3 Data

To estimate the effect of variable renewable energy (VRE) supply on electricity price

and price volatility, I use an XAR(7)-XGARCH(1,1) model, which includes one equation

for the level of electricity price and one equation for the variance of the residuals.7 I

therefore have two exogenous variables of interest: day-ahead forecasts of solar power

generation and wind power generation. I also control for day-ahead forecasts of demand.8

The introduction of the demand variable is conditional on the assumption that there are

no endogeneity concerns between demand and prices. In other words, the elasticity of

forecasted day-ahead hourly demand with respect to day-ahead hourly prices is assumed

to be negligible, if existent. This is a standard and implicit assumption in the empirical

7The choice of the model is discussed in the following section.
8Table 3.3 and Figures 3.5 to 3.8 in the appendix to this chapter give an overview of the control

variables for each country.

69



CHAPTER 3. EFFECTS OF RENEWABLE ENERGY ON ELECTRICITY PRICE
LEVEL AND VARIANCE

literature on the merit-order effect. This is because it “is considered to be a reasonable

assumption since the majority of end consumers do not observe the spot market prices

since retailers are the ones formally participating in the market.” (Forrest and MacGill

(2013):124). A similar standard and implicit assumption in the literature is that VRE

output is exogenous, as it is determined essentially by exogenous weather patterns. All

data comes from the ENTSO-E Transparency platform, a data platform operated by the

association of European Transmission System Operators. For detailed information on

the descriptive statistics and distributional properties of the data, see the appendix to

this chapter.

The use of day-ahead forecasts of solar and wind power generation, instead of the

actual values, is justified by the fact that day-ahead prices are determined based on

these forecasts, not on the actual realizations (Huisman, Huurman and Mahieu (2007)).

I use the share of solar and wind power in total load, instead of the absolute values, for

several reasons: first, the same amount of wind generation in countries with different

levels of consumption will impact electricity prices differently; secondly, even within the

same country, the same amount of wind power will have different effects on spot electri-

city prices during times of high demand, compared to periods of low demand (Ketterer

(2014); Jónsson, Pinson and Madsen (2010)).

The data covers the ten EU countries named below, grouped in eight bidding zones.

A bidding zone is a geographical area where electricity can be traded freely for the same

hourly price. Electricity prices can – and generally do – differ by hour and by bid-

ding zone. The ten countries considered in this research are: Austria, Belgium, France,

Germany, Greece, Lithuania, Luxembourg, Portugal, the Netherlands and Spain. Each

country corresponds to a unique bidding zone – except for Germany, Austria and Lux-

embourg, which, for the period included in this research, make up a single bidding zone.9

These countries were selected for two main reasons: 1) there is available data for both

wind and solar power generation forecasts, and 2) prices are reported in the same cur-

rency – Euro – thus making the results of the panel data model easier to interpret.

I calculate the daily average of hourly data for all variables from January 2015 until

December 2017. The use of daily average, rather than the actual hourly data, is motivated

by the fact that the latter do not display time-series characteristics. Indeed, quotes for

all hours of a day are determined simultaneously, by 12 PM of the previous day. In

other words, prices for all 24 hours of the following day are determined in the presence

of identical relevant information. For example, the price for electricity at 1 PM does not

contain new information for the price of electricity at 2 PM, since they are all determined

9As of 1st October 2018, the Austria-Germany-Luxembourg bidding zone is split between Austria,
on one side, and Germany-Luxembourg, on the other (Politico (2018)).
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at the same time – i.e. before 12 PM (Huisman, Huurman and Mahieu (2007); Ketterer

(2014)). An overview of the data is shown in Table 3.1.

I therefore have 8711 daily observations for each of the four time-series of interest

– forecast of solar power, forecast of wind power, forecast of demand and actual day-

ahead prices in the eight bidding zones. There are 11 cases of negative daily prices

(all of them occurring in the Germany-Austria-Luxembourg bidding zone, as shown in

Table 3.4 in the appendix). I choose to analyse the entire dataset and not remove these

observations, as they are important characteristics of a renewable-intensive power system

(Kyritsis, Andersson and Serletis (2017)). This also means that I cannot log-transform

the dependent variable (price). An alternative to log-transformation that takes into

account the negative values of price is to take the first differences of the variables with

respect to time. I use the changes in daily average between two consecutive days. The

following section discusses this in more detail.

Table 3.1: Statistics based on daily data

Price Share of
Solar

Share of
Wind

Demand
(MWH)

Daily
Change
of Price

Daily
Change
of Sun

Daily
Change
of Wind

1st Percentile 13.1 0.0% 0.3% 1086 -19.8 -4.1% -23.1%

25th Percentile 32.7 1.0% 3.9% 5677 -3.7 -0.4% -3.2%

Mean 41.7 3.5% 11.6% 22870 0.0 0.0% 0.0%

Median 40.7 2.2% 8.1% 11369 -0.4 0.0% 0.0%

75th Percentile 49.5 5.3% 15.3% 36790 3.1 0.4% 3.1%

99th Percentile 84.1 13.8% 51.1% 73969 21.6 3.9% 23.5%

Note: This table reports certain summary statistics on the time series of electricity price, share of solar
power, share of wind power and electricity demand, as well as the daily change in price and share of solar
and wind power, across the ten countries (eight bidding zones) considered in this research. The percentiles
refer to the distribution of the values of daily averages for the entire dataset. For example, 1% of all daily
prices in the dataset are lower than 13.1 Euro/MWh and 1% are higher than 84.1 Euro/MWh.

3.4 Model

To understand the effect of renewable energy on electricity prices, I estimate the effects

of wind and solar power on the changes of the day-ahead electricity price and the resid-

uals variance, using a multivariate (X) autoregressive (AR) process with GARCH resid-

uals (Bollerslev (1986)). General autoregressive conditional heteroskedasticity (GARCH)

models are commonly used in time series analysis in general and in the analysis of price

volatility, in particular. This XAR-GARCH model includes two equations: [XAR] the

mean equation, which explains day-to-day changes in the price level, and [GARCH] the

variance equation, which corresponds to the variance of the residual terms.
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Figure 3.4 shows the partial autocorrelation of price changes in the entire sample.

Daily lags are labeled horizontally and the size of the autocorrelation is given on the

vertical axis. According to this figure, price changes show strong autocorrelation up to

seven-day lags, due to the weekly seasonality of demand. Therefore, I choose to use seven

lags for the autoregressive part of the mean equation (XAR(7)). Following the standard

literature, the order of the GARCH model in the variance equation is chosen to be (1,1)

(Ketterer (2014); Kyritsis, Andersson and Serletis (2017)).

Price Return PACF

Figure 3.4: Partial autocorrelation of the electricity price return for different lags

I label this model XAR(7)-XGARCH(1,1), where X stands for the additional external

regressors. This XAR(7)-XGARCH(1,1) model can be illustrated as:

Rt =

7∑
i=1

φiRt−i +βL∆Demandt +βS∆REt +DayDummy+CountryDummy+ εt

(3.1)

where Rt = Pt−Pt−1 represents the change in the price from day t− 1 to day t, and

εt =
√
htzt (zt = ND(0, 1)) is the residual term.10 Furthermore, ∆Demandt and ∆REt

respectively correspond to the percentage change in demand and the change in the share

of renewable energy between two consecutive days.

Table 3.4 in the appendix reports the total number of observations, as well as the

number of negative price values. As we can observe in this table, the electricity price

10The choice of a change in price levels as dependent variable, as opposed to percentage change, is
justified by the fact that the dataset contains 11 observations of negative price values, as discussed in
the Data section.
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Pt can have negative values. Therefore, I use the XAR-XGARCH model to explain the

price variations measured as Rt = Pt − Pt−1, and not the return on price Rt = Pt−Pt−1

Pt
.

The variance of the residuals (ht) itself also follows a XGARCH(1,1) process:

ht+1 = ω + αε2t + βh2
t + βL∆Demandt + ψS∆REt (3.2)

A large prediction for ht+1, corresponding to expectation of higher variance for the

residuals, means a higher conditional variability of the price and larger price variance at

time t+ 1.

The main coefficients of interest are βS in equation 3.1 and ψS in equation 3.2. These

two coefficients estimate the effect of a change in the share of renewable energy (∆REt)

on the price level, in equation 3.1 and the effect of a change in the share of renewable

energy on the volatility of price return, in equation 3.2, respectively.

I develop four model specifications which build on each other in the following way:

• Model 1: I first look at the time-series properties of electricity price.

• Model 2: I extend Model 1 by including the share of VRE.

• Model 3: I divide this share into four quartiles and look at how different levels of

VRE intensity affect electricity price and its variance. Thus I have four brackets

of VRE intensity with equal numbers of observations: for the 25% of observations

with the lowest level of VRE integration, this level is lower than Q1 = 6.66%; for

the following quartile, VRE integration is between Q1 = 6.66% and Q2 = 12.22%;

then, between Q2 = 12.22% and Q3 = 19.97%; and for the top quartile, VRE

integration is above above Q3 = 19.97%. The aim of this model specification is to

understand how an increasing share of VRE affects electricity price and its variance.

• Model 4: I differentiate between wind and solar power and look at the individual

effects of each technology on electricity price and its residual variance. In this last

model specification, I replace ∆REt with the change in share of solar (∆St) and

wind (∆Wt) energy and investigate the individual impact of each of these variables

on the electricity price and its variance.

In the price level equation, I include dummies for the days of the week, as well as

country dummies for both the price level and variance equations. Each of the models

and their results are discussed in detail in the following section.
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3.5 Model results and discussion

The results for all model specifications are summarized in Table 3.2 and discussed in detail

in the following subsections. For this purpose, subsection 3.5.1 discusses the estimation

results for electricity price and subsection 3.5.2 discusses the model results regarding the

electricity price variance.

3.5.1 Effects of solar and wind power on the level of electricity

price

Model 1 is an XAR(7)-GARCH(1,1) model of electricity price time series, with dummies

for each day of the week, in order to control for weekly seasonality of prices, due to the

weekly seasonality of demand. The results illustrate established properties of electricity

prices in line with previous literature, namely: 1) the negative and significant coefficients

of AR1 to AR6 suggests price mean-reversion. In other words, if the price in one day

jumps due to an external shock, it tends to gradually revert back over the next few days;

and 2) the positive and significant coefficient of the AR7 coefficient points to weekly

seasonality, i.e. each day, the price moves in the same direction as the price movement of

the same day of the previous week –for example, on Mondays, electricity prices increase

from the low weekend levels and on Saturdays electricity price drops, relative to the

Friday price level (Koopman, Ooms and Carnero (2007), Sensfuß, Ragwitz and Genoese

(2008) and Kyritsis, Andersson and Serletis (2017)).

According to the estimation results of Model 2, an increase in electricity demand is

associated with an increase in the electricity price. More importantly a larger share of

VRE has a significant negative effect on the electricity price. These results therefore

confirm the presence of the merit-order effect. If the contribution from VRE increases

by 1 percentage point between two consecutive days, the price drops by 36.10 Euro-

cents/MWh. This effect is substantial, considering that daily electricity prices range

between approximately 13 and 84 Euros/MWh, approximately (see column 1 of Table

3.1 for the 1st and 99th percentiles of the price level distribution).

In Model 3, I look at how the effect of VRE on the electricity price varies for dif-

ferent levels of VRE integration. The results in column 3 are interesting for two main

reasons: first, all results are strongly significant for all levels of VRE; second, the neg-

ative effect of VRE on electricity increases in magnitude, as the share of VRE in total

demand increases. Indeed, the price reduction associated with the highest VRE share

(36.69 Eurocents/MWh) is over 20% higher than that associated with the lowest VRE

share (30.26 Eurocents/MWh). In other words, the electricity price drops by 30.26 Euro-
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cents/MWh for every percentage point increase in VRE share when this share is below

Q1 = 6.66% of total load. If VRE make up over Q3 = 19.97% of demand, a percentage

point increase between two consecutive days would reduce the electricity price by 36.69

Eurocents/MWh. A third important finding is that this increasing effect stabilizes, as

the share of VRE increases beyond Q1 = 6.66% of total load. More specifically, the price

reduction effect increases from 30.26 to 36.02 Eurocents/MWh for every percentage point

increase in the VRE power generation share, when this share is between the Q1 = 6.66%

and Q2 = 12.22% thresholds. However, for higher shares of VRE, the price reduction

effect only increases from 36.02 to 36.69 Eurocents/MWh, for a change in the VRE share

from Q1 = 12.22% to over Q3 = 19.97%. This is an important finding for the debate

regarding the redesign of the electricity market, as it points to a potential level of VRE

integration beyond which the impact of the merit-order effect stabilizes..

In fact, this result partially addresses the “missing money” problem. As discussed

in section 3.2, this refers to a drop in revenues for conventional, flexible power plants,

due to a continuous decrease in electricity prices, as the share of VRE increases. These

lower revenues do not reflect the cost – and value, particularly in terms of providing

system flexibility – of conventional power plants, thus making it unattractive for them to

operate. However, system flexibility is crucial in a VRE-intensive power system, as quick

access to back-up power is required for a proper functioning of the power system. In this

regard, these findings suggest that the revenue drop for conventional power plants – due

to lower electricity prices – declines, as the VRE share increases. In other words, there

might be a lower bound below which revenues for conventional power plants are unlikely

to fall, for a high enough level of VRE integration.11 As VRE deployment continues

to increase, data in the near future will help confirm the presence and determine this

specific level of VRE intensity and its implication for the electricity market redesign.

In Model 4, I look at the individual effects of solar and wind power on the electricity

price. As shown in the last column, wind power has a strong negative effect on electri-

city prices: if the share of wind power increases by one percentage point between two

consecutive days, the electricity price is expected to fall by 35.30 Eurocents/MWh. On

the other hand, these results show that the effect of solar power on electricity prices is

non-significant. This may be due to two main reasons: 1) solar power makes up a much

smaller share of VRE than wind power (see Table 3.1). As shown in Table 3.3 in the

appendix to this chapter, the average share of solar power for the countries in this sample

is rather small, ranging between 0.5% and 6.9% –the average share of wind power, on

11This high enough level of VRE is less that 100%. In the situation discussed here, both VRE and
conventional power meet a non-zero share of demand. If the share of VRE were 100%, this would imply
conventional plants are absent, therefore a discussion about their revenue is unnecessary.
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the other hand, varies between 4.3% and 22.7%; 2) I aggregate hourly observations in

daily averages. As discussed in the Data section, this is justified by the way that the

day-ahead electricity market operates: prices for all hours in a day are determined at the

same moment of time of the previous day. This means that the price of 1 AM contains

no new information for the price of 2 AM and therefore no relation between the prices of

two consecutive hours can be inferred. As solar power is generated during only a limited

number of hours during the day, its effect on the electricity price for those specific hours

may be concealed by the aggregation of hourly data into a single observation for the daily

average.

In summary, these results show that, for the data considered in this research, VRE

has a strong negative effect on day-ahead electricity prices. This finding is in line with

the merit order hypothesis of the theoretical literature, and contributes to the empirical

studies that have investigated this effect previously. The negative effect of VRE on price

decreases as the share of VRE in total demand increases. However, when I look at the

individual effects of solar and wind power, I find that the drop in electricity prices is due

to wind power alone. As solar power deployment is accelerating and its contribution in

total demand is approaching that of wind power, a more pronounced effect of solar power

on electricity prices is to be expected.

3.5.2 Effects of solar and wind power on electricity price variance

Panel B in Table 3.2 shows the effects of VRE on the variance of electricity prices. The

effect of power demand on price volatility is non-significant in all model specifications.

This is due to the fact that demand patterns are well established and predictable. For this

reason, forecasting errors of demand are much smaller, compared to forecasting errors in

VRE power generation. In other words, the expected effect of a variation in demand on a

change in price is anticipated well in advance and already reflected in the price forecast.

This contrasts to variations in VRE supply, which are more difficult to predict.

According to Model 2, VRE has a statistically significantly and positive effect on

electricity price variance: for every percentage point increase in VRE share, the stand-

ard deviation of price (square-root of price variance) increases by 14.52 Eurocents/MWh.

When I look at the effects on price variance of different levels of VRE intensity in

Model 3, I find that VRE only has a significant effect when it makes up a larger share

of total power supply. Indeed, for levels below Q1 = 6.66%, the effect of VRE on price

variance is statistically non-significant. However, as the VRE share increases, its effect

on price variance becomes statistically significant and its magnitude increases rapidly.
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For VRE shares of Q3 = 19.97% or higher, one percentage point increase in VRE power

generation increases the price variance by over 30.85 Eurocents/MWh.

In Model 4, I further disentangle the effect of VRE on price variance and look at

how solar and wind power impact price variance individually. In line with subsection

3.5.1, these results show that the effect of solar power on price variance is insignificant.

This may be due to several reasons: one reason may be the low share of solar power for

the period under analysis; second, the aggregation of hourly data into one data point

corresponding to the daily average may obscure heterogenous effects across different

hours; and last, as solar power generation usually coincides with peak demand, a larger

infeed of solar power may drive down peak prices, thus reducing the spread between low

and high prices. Wind power, on the other hand, has a strongly positive effect: for every

percentage point increase in the share of wind power in total demand, the variance of

the electricity price increases by over 15.57 Eurocents/MWh. One possible explanation

is that wind power generation is stronger during off-peak demand. A higher infeed of

low-price wind electricity thus puts additional downward pressure on off-peak prices,

therefore increasing the spread between peak and off-peak prices.

3.6 Concluding remarks

The increasing contribution of VRE in meeting power demand is reshaping the current

electricity market. This chapter discusses the individual effects of solar and wind power

on the electricity price and its variance, across a wide geographical area and for different

levels of VRE integration. In line with established research, I find that an increasing

share of VRE is associated with a drop in electricity prices. The results of the models

developed in this chapter therefore confirm the presence of the merit order effect of VRE

on electricity prices. However, when I look individually at the effects of solar and wind

power on the electricity price, I find that the negative effect is due to wind power alone.

Indeed, the effect of solar power on the electricity price is insignificant. This may be due

to the still limited contribution of solar power to the energy mix, compared with wind

power. As the intensity of solar power in the energy mixes of different European countries

increases and new data become available, future research is needed to understand the

effect of solar power on the electricity price.

More interestingly, I find that VRE has a strong positive effect on the variance of

electricity price. In addition, the magnitude of this effect increases with the share of VRE.

This effect is, again, only due to the contribution of wind power. However, this may also

be explained by the fact that solar power capacity is lower than that of wind power,

although this situation is rapidly changing. This finding is an important contribution to
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the limited empirical literature on the VRE effect on the variance of electricity prices.

As discussed in section 3.2, this literature is divided between whether VRE is associated

with an increase or decrease of the variance of electricity price. The research presented

in this chapter has argued that the different results in the literature are due to 1) the use

of limited data on the share of VRE and 2) the focus on single-country studies. In this

chapter, I overcome these limitations by using the most recent data on the contribution

of VRE to the energy mixes to date and extending the geographical focus to ten EU

countries.

To my knowledge, this is the first empirical study yet on the effect of VRE on electri-

city price variance, on such a large geographical scale. These results have several policy

implications: first, the effect of VRE on the variance of the electricity price becomes sig-

nificant for higher levels of VRE. In other words, there is a lower bound of VRE intensity

– around 12% – below which the current design and operation of the electricity market

are not significantly affected. Second, the increasing share of VRE, coupled with an in-

creasing price variance, is expected to lead to a growing role for power system flexibility

– in the form of energy storage technologies and interconnection capacity. Third, as the

price variance is expected to increase, this may create opportunities for market manipula-

tion by producers who may withhold power for higher-price periods. The current debate

on the electricity market transition needs to take this issue into account. Fourth, the

discussion about an optimal energy mix needs to take into consideration the heterogen-

eity of the effects of different VRE technologies on the electricity market – namely the

different effects that wind and solar power have on the variance of electricity prices, as

well as design appropriate and individualized support schemes for each technology. The

discussion of the necessary changes required by the current electricity market in order to

accommodate the increasing share of VRE needs to take this issue into consideration, by

looking at the individual effects of each energy technology on the electricity markets.
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Appendix 3.A Summary statistics of the main vari-

ables

Table 3.3: Mean of all variables per bidding zone

Price Sun Wind Demand

BE 42 3.4% 5.7% 9882

DE, AU, LU 31.7 6.9% 16.9% 62396.7

ES 47.4 5.1% 19.1% 28593.6

FR 40 1.8% 4.3% 54196.2

GR 49.8 7.1% 8.2% 5895.3

LT 37.9 0.5% 8.9% 1276.7

NL 37.2 1.3% 6.7% 14909.6

PT 47.5 1.7% 22.7% 5623.7

Note: This table shows the average daily values of the
electricity price, share of solar power, share of wind power
and electricity demand in the eight bidding zones con-
sidered in this research.

Table 3.4: Number of observations per bidding zone

BE DE, AU, LU ES FR GR LT NL PT Total

nb Negative Prices 0 11 0 0 0 0 0 0 11

nb Observation 1087 1087 1096 1090 1096 1071 1091 1093 8711

Note: This table shows the number of negative prices, as well as the total number of days for which I have
data across the eight bidding zones considered in this research.
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Figure 3.5: Average monthly price per bidding zone in Euros/MWh

Figure 3.6: Average monthly share of electricity generated by wind per bidding zone
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Figure 3.7: Average monthly share of electricity generated by solar per bidding zone

Figure 3.8: Average monthly demand for electricity per bidding zone in MW
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Chapter 4

Understanding the relation

between VRE and electricity

price convergence

4.1 Introduction

Electricity generated by intermittent variable renewable energy (VRE), namely solar

and wind power, has experienced a sustained growth for the past two decades. This

growth has been motivated by the need to reduce global greenhouse gas (GHG) emissions.

Carbon dioxide accounts for more than 72% of GHG emissions and the energy sector–

and particularly the heat and electricity sectors – is the largest CO2 emitter, since it is

the main source of GHG emissions (Olivier and Peters (2020)). On this background, the

combined global installed capacity of the wind and solar energy technologies increased

significantly, from less than 20 GW in 2000 to over 1000 GW, at the end of 2018. In

the EU, the combined installed capacity of solar and wind power is just under 300 GW,

compared to just below 13 GW in 2000 (Fig 4.1) (IRENA (2019b)). This evolution

mirrors the ambitions of individual EU countries, driven at least partly by an EU-wide

agenda to decarbonise the power sector, with the goal of reaching a 32% share by 2030

(European Commission (2019a)).

As the share of VRE in the energy mix continues to increase, displacing traditional

power technologies, it raises significant challenges to the functioning of the traditional

power system in general and to that of the electricity market in particular. With respect

to the former, the increasing share of VRE has brought about the issues of power system

stability and flexibility – which can be addressed by energy storage technologies and

83



CHAPTER 4. UNDERSTANDING THE RELATION BETWEEN VRE AND
ELECTRICITY PRICE CONVERGENCE

Figure 4.1: Cumulative global installed capacity of wind and solar power technologies.
RoW stands for ”rest of the world”.

Source: IRENA (2019b)

reinforcement of the power grid infrastructure. With respect to the electricity market,

the growing share of VRE leads to a reduction of electricity prices, known in the energy

economics literature as the “merit-order effect” of VRE on the electricity price. This

effect has been anticipated by the theoretical literature on electricity markets and is

confirmed by an increasing empirical literature, as discussed in the following section.

At the same time, increasing deployment of VRE in different national energy mixes

across Europe means that the determinants of electricity prices in these countries become

more similar. As the differences between national energy mixes narrow, differences in

electricity prices are expected to narrow as well, since in a liberalized market the fuel

is the most important determinant of the electricity price. In other words, as different

national energy mixes move away from fossil fuels and towards a renewable-intensive

energy mix, an increase in the share of VRE in different European countries is expected

to enable the convergence of electricity prices of these countries, in the long run.

The convergence of electricity prices across the EU has been an explicit goal of

European energy policy before that of VRE targets. More specifically, it was considered

one of the main vehicles for the achievement of the Energy Union, first stated in the
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96/92/EC Directive in 1996 – while VRE targets are first mentioned in the 2001/77/EC

Directive on Electricity Production from Renewable Energy Sources in 2001. The two

ambitions of electricity price convergence and of increased VRE shares at the EU level

have been addressed independently from one another not only politically, but also in the

academic literature, as discussed in the following section.

In this chapter, I argue that the two topics are closely related, and that a clear un-

derstanding of the relation between them is necessary to help advance both ambitions of

the Energy Union. I thus address the following research question: what is the effect of

VRE on electricity price convergence, in Central and Western European countries? To

answer this question, I bring together insights from the two strands of literature men-

tioned above – namely the literature on the effects of VRE on electricity prices and the

literature on the phenomenon of convergence of electricity prices – in order to develop a

conceptual framework that guides our understanding of the relation between VRE and

electricity price convergence.

The remainder of the chapter is organized as follows: the next section discusses

the two strands of literature mentioned above. In section 4.3, I develop an analytical

framework to understand how VRE impacts the process of convergence of electricity

prices. Sections 4.4 and 4.5 discuss the data and the empirical specification used to

validate our analytical framework, respectively. The results of the empirical analysis are

discussed in section 4.6. Finally, section 4.7 summarizes the findings and discusses the

main policy implications.

4.2 Literature review

Following the liberalization of electricity markets across Europe, which began over three

decades ago, the electricity price has been determined by the marginal cost of electri-

city production, itself determined largely by the fuel cost of conventional power plants.

Increasing evidence confirms that the upsurge of VRE decreases electricity prices, due

to its low marginal cost, and thus affects the profitability of conventional generators –

namely coal, gas and nuclear power plants.

Nevertheless, due to the unpredictability of power generated from VRE, the flexibility

provided by dispatchable power technologies becomes increasingly important in maintain-

ing the stability of the power grid.1 This has brought about the need to reconsider the

1Dispatchable power technologies refer to power technologies which generate power on demand, i.e.
at a time decided by the plant operator. The term is used to differentiate between power technologies the
output of which can be controlled, from those with power output out of the operator’s control, namely
wind and solar energy technologies. The term is used to refer mainly to gas power plants. This is due
to the fact that coal and nuclear power plants are very costly to turn on and off, therefore gas power
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design of the electricity market, such that it reflects the flexibility value of conventional

power plants ( Gelabert, Labandeira and Linares (2011), Cludius, Hermann, Matthes

and Graichen (2014), Ketterer (2014), Clò, Cataldi and Zoppoli (2015), Martinez-Anido,

Brinkman and Hodge (2016) and Kyritsis, Andersson and Serletis (2017)). What is more,

an increasing number of recent studies have found that the downward effect of VRE on

electricity prices is not limited to the national borders of the country experiencing an

increase in VRE. Indeed, these price-reduction effects – stemming from the unilateral

decisions of one country’s VRE growth – spill over to neighboring countries (Phan and

Roques (2015), Keppler, Phan, Le Pen et al. (2016)).

At the same time, the merits of regional integration of electricity markets are being

increasingly recognized (Newbery, Strbac and Viehoff (2016), Abrell and Rausch (2016),

Antweiler (2017) and Gianfreda, Parisio and Pelagatti (2016)). In the EU, the ambition of

a single market for electricity precedes that of VRE targets.2 Similar to the Single Market

for goods and services, the merits of an Energy Union would lie in reduced barriers to

trade and convergence of electricity prices, which would translate into increased welfare

for consumers. However, despite the overlap in terms of aspects they are touching upon,

the two ambitions of increasing the contribution from VRE and integrating electricity

markets have been historically addressed as separate objectives.

This historical sequence of interest in electricity market integration at the policy-

making level, followed by, and independent from, interest in the effect of VRE on the

electricity market, is reflected in the academic literature as well. Zachmann (2008) looks

at the process of electricity price convergence for eleven EU countries and finds that, as

of mid-2006, this process was only partially achieved. More specifically, he finds that

there are wide variations between the degrees of price convergence of pairwise countries,

as well as in convergence among peak and off-peak electricity prices. Bosco, Parisio,

Pelagatti and Baldi (2010) confirm these results, in a study looking at six Central and

Western European countries. They find that the process of price convergence is geograph-

ically clustered and argues that the price convergence among several pairs of countries

is partially explained by the similarity in the marginal power technology in the coun-

tries concerned – namely gas. De Menezes, Houllier and Tamvakis (2016) find that the

relative importance of electricity price determinants varies from one country to another:

British electricity prices reflect fuel cost developments, while in the French and the Nord

plants are the most flexible source of power generation.
2The ambition of the Energy Union was first addressed in the Directive 96/92/EC, based in the treaty

establishing the European Community, and in particular Article 47(2), Article 55 and Article 95. Since
then, it has been replaced by Directive 2003/54/EC, itself replaced by Directive 2009/72/EC. On the
other hand, renewable energy targets were first addressed by the Directive on Electricity Production
from Renewable Energy Sources 2001/77/EC, replaced by Renewable Energy Directive 2009/28/EC,
published on 23 April 2009.

86



CHAPTER 4. UNDERSTANDING THE RELATION BETWEEN VRE AND
ELECTRICITY PRICE CONVERGENCE

Pool market – which includes the Scandinavian and the Baltic countries – prices re-

flect electricity price developments on the markets of trading partners. Barteková and

Ziesemer (2019) look at how the retail electricity prices faced by medium-sized industrial

consumers differ across Europe. They look at bi-annual data between 2003 and 2013

and find that, for South-Western European countries, the price differential has remained

constant, while for North-Eastern countries, it has increased.

Gugler, Haxhimusa and Liebensteiner (2016) is one of the first studies to consider

VRE in the process of price convergence. It looks at twenty-five EU countries and finds

that the markets became increasingly integrated during 2010-2012, but the process re-

verts after this date. It suggests this was potentially due to the growing share of VRE

after this date, which led to increased electricity trade – and subsequently to more fre-

quent congestion of the interconnector infrastructure – i.e. the connection of different

national electricity networks. Gianfreda, Parisio and Pelagatti (2016) find similar evid-

ence of a negative relation between VRE and price convergence, when looking at six EU

countries. They argue that this is due to the fact that VRE has a strong effect on the

electricity-fuel nexus, in the sense that it reduces the importance of fuel price as the

main determinant of electricity prices. More specifically, they argue that prior to the

high increase in VRE, the convergence of electricity prices was due to the fact that gas

was the main determinant of prices. Therefore, any movement in the (international) gas

price was reflected in a similar change in different national electricity prices. As the share

of VRE increased, this weakened the relation between gas and electricity prices via two

mechanisms: by displacing the costlier gas-powered plants, and by increasing the relative

importance of coal, as a price determinant, as CO2 prices decreased. Therefore, these

findings of a negative relation between VRE and the convergence of electricity prices -

in the statistical sense by which they tend to move in different directions - are robust

over several European regions and methodological approaches, but the mechanisms which

would explain how VRE leads to price divergence are not clearly understood.

In a more recent strand of literature, studies look at the effect of domestic VRE on

electricity prices of neighboring countries. Phan and Roques (2015) provide one of the

earliest studies to address this issue and find that this effect is identical to the one in the

VRE-intensive country. In particular, they find that the steep increase in VRE deploy-

ment in Germany led to a drop in French electricity prices as well, and to an increase in

their volatility during, the 2012 - 2014 period. However, the effect is much stronger for

Germany than for France. The study uses simulations to look at the effect of potential

extensions of interconnectors on the price differential and finds that, in the presence of

additional interconnector capacity, the magnitudes of the effect of VRE on electricity

prices are reversed: French electricity prices would drop more than German electricity
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prices. While the simultaneous drop in electricity prices in France and Germany – both

in the case of the current infrastructure and with potential additions – would point to

increased similarity between the two, the authors make no explicit claim with regards

to the phenomenon of price convergence. This issue is addressed by Keppler, Phan,

Le Pen et al. (2016), who find that VRE in Germany increases the price spread between

Germany and France. The authors argue that this is due to the fact that excess VRE

generation cannot be absorbed in Germany and is exported to France, thus leading to the

congestion of interconnectors – which makes it impossible to further export excess power.

This, in turn, reverses the process of price convergence, as illustrated by an increased

spread between the French and German electricity prices.

However, this price divergence effect can be mitigated by improved trading conditions,

in the form of market coupling. This is a term used to define a specific arrangement

between two or more trading partners, in which they only place one single bid for electri-

city trade, instead of the traditional two bids – one to reserve the interconnector capacity

that would allow the desired electricity trade, and the second, to buy the actual electri-

city to be traded. In this sense, market coupling effectively removes barriers to trade.

Transactions between parties benefiting from market coupling are referred to as “implicit

allocations”, since the allocation of cross-border capacity is done implicitly, through the

transactions of electricity trade. This is in contrast to “explicit allocations”, whereby,

in the absence of market coupling, allocations of interconnector capacity must be made

explicitly and in a bid that occurs prior to bids for electricity trade. Market coupling

thus leads to a more efficient use of the interconnector capacity (Meeus, Vandezande,

Cole and Belmans (2009), Van den Bergh, Boury and Delarue (2016)).

The market coupling decision between the German and the French electricity markets

came into effect in November 2010. To assess the effect of market coupling on the process

of price convergence, Keppler, Phan, Le Pen et al. (2016) use a dummy to separate the

before-and-after periods. They find that market coupling indeed reduced the spread

between the two electricity prices. A similar effect was found by Sapio (2019) in different

Italian markets, following the extension of the interconnector capacity between Sardinia

and mainland Italy, in 2011. The study argues that this is due in large part to the

fact that the new power cable helped to shave off high peak-time prices. By looking at

the merit order effects of VRE both before and after the connection of the new power

line, the author concludes that “robustness checks suggest that renewables and the cable

mostly delivered their price reduction effects jointly or, in other words, the merit order

and peak-shaving effects of renewables have been comparatively stronger in the post-

SAPEI [n.a. the new power cable] period” (p.467). In a follow-up study, Sapio and

Spagnolo (2020) find that the power cable extension helped bridge the gap bewteen

88



CHAPTER 4. UNDERSTANDING THE RELATION BETWEEN VRE AND
ELECTRICITY PRICE CONVERGENCE

(higher) electricity prices in Sardinia and those in mainland Italy. This was mostly

due to the possibility of Sardinian imports of peninsular renewable power generation.

However, together with renewable power, the cable also made it possible for the higher

volatility of peninsular prices to be exported in Sardinia. This phenomenon of higher

price volatility was restricted to off-peak prices alone. The authors argue that this is

because, during peak hours, the power congestion occuring on the new line limited the

amount of export of VRE power generation.

Keles, Dehler-Holland, Densing, Panos and Hack (2020) look at the effects that the

factors underlying developments of German, French and Italian electricity prices have on

Swiss electricity prices. These four markets are strongly interconnected, i.e. the large

amount of power trade is supported by a developed cross-border infrastructure. They

find that Swiss electricity prices are correlated with electricity prices in Germany, France

and Italy. This is due to both the demand and the energy mix in these countries having

significant effects on Swiss electricity prices. However, the level of these pair-wise correla-

tions - between Swiss prices, on the one hand, and prices in any one other country, on the

other - varies monthly. For example, peak-demand levels in France are higher, relative

to neighbouring countries, due to its high reliance on electrical heating. Therefore, the

high power demand in France during the evening, in winter months, drives up electricity

prices, which results in increased imports from Switzerland - thus an increase in Swiss

electricity prices. On the other hand, the high level of renewable power generation in

Germany, during summer months, leads to increased exports to Switzerland, thus driv-

ing down summer electricity prices. Their results are robust in both econometric and

Nash-Cournot equilibrium models (see Keles, Dehler-Holland, Densing, Panos and Hack

(2020)). Therefore, the literature on the effect of VRE on prices in neighboring countries

finds a positive relation between VRE and the convergence of the electricity prices of the

trading countries.

The two foci of research discussed above suggest that the current evidence on the

relation between VRE and electricity price convergence is limited and ambiguous. More

importantly, the mechanisms explaining this relation have only been marginally addressed

and, to my knowledge, have not been investigated in an empirical framework.

This chapter argues that the inconsistencies regarding the effect of VRE on the process

of price convergence between these two strands of literature – namely on electricity market

integration and on the effect of VRE on the electricity market – stem from the shape of

the relation between VRE and price. More specifically, I suggest that VRE has a positive

effect on price convergence, however, this effect is limited by the existing interconnector

capacity. I develop a conceptual framework – which I then validate empirically – with the

aim to provide a clear understanding of this relation and of the mechanisms that explain
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it. I thus extend the current literature in two ways: 1. by providing a large geographical

scale investigation of the relation between VRE and the process of price convergence and

2. by developing an analytical framework that brings together insights from the price

convergence literature and the literature on the effect of VRE on electricity prices, with

the goal to reconcile the findings of these two strands of literature.

4.3 Theoretical model

In this section, I develop a simple, two-country theoretical model, with the aim of under-

standing how VRE affects the process of price convergence in the context of international

power trade. The process of price convergence is defined as the decrease in the electricity

price differential of the two countries. The changing share of VRE in the energy mix has

an indirect effect on the level of electricity trade, via its effect on electricity prices. This

is discussed in more detail later in this section. As mentioned in the introduction of this

chapter, the convergence of electricity prices of EU member states reflects the level of

integration of different energy systems in a pan-European energy system, which is one

of the explicit goals of the Energy Union. I first discuss the case of a single country in

subsection 4.3.1, then I develop a two-country model, in subsection 4.3.2.

4.3.1 Case one: single country

Consider a country with two energy technologies: renewable and fossil fuel power plants.

For simplicity, I consider gas power plants as the only fossil fuel technology, instead of a

mix of coal and gas. This is because, while the two technologies are similar in terms of

the cost structure (i.e. the cost of fuel makes up a significantly larger share than the fixed

cost in the total cost), gas-fired power plants are more flexible in generating electricity.

In other words, they can increase their output and be switched on/off much faster than

coal-fired plants. This characteristic is central to compensate for the intermittent nature

of the the output of VRE technologies, which can vary greatly over short periods. For

this reason, the terms “conventional”, “fossil fuels” and “gas” power plants are used

interchangeably in this chapter.

The country has a domestic electricity demand D and its net exports (i.e. net of

imports) are denoted by X. I model trade restrictions – resulting from limited cross-

border transmission infrastructure – by defining X as exogenous and varying across the

range (−D,D). The electricity generated by the VRE technology, with installed capacity

ICV RE , is denoted by qV RE . The residual power demand – i.e. demand net of qV RE – is

met by qFF , the power generated by the fossil fuels technology, with installed capacity

ICFF .
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qFF = D +X − qV RE (4.1)

In line with the reality of the existing liberalized electricity markets, the first power

technology to meet demand is the one with the lowest marginal cost. This ranking of

power technologies in increasing order of their marginal costs is known in the energy

economics literature as the “merit order”. The electricity price is determined by two

main factors: the cost of the last unit of electricity produced which is necessary to meet

demand and the level of demand. Hence, the electricity price is given by:

P (qFF ) = a+ b× qFF = a+ b× (D +X − qV RE) (4.2)

where a is the fixed price of VRE electricity and b is the variable cost of conventional

electricity.3 Furthermore, a > 0 and b > 0. This inverse-demand (price) function can be

plotted as shown in Figure 4.2.4

Figure 4.2 shows the hypothetical inverse-demand (price) function. One simplifying

assumption of this model is that there are only two energy technologies: conventional and

VRE. In reality, each of these generic technologies consists of several power generation

technologies, with different marginal costs. Therefore, a graphical representation of the

price function that would be closer to reality would look more similar to a sequence

of steps, as shown in the previous chapter, rather than a linear increase of the price.

However, the focus of the model is on the long-term effect of a large increase in VRE

on electricity prices, and not on short-term price effects driven by a temporary switch

from one specific power technology to another. The linear price model presented here is

therefore a simplified version of the merit-order effect discussed previously. It captures its

main feature, i.e. the fact that, as power demand increases, technologies with increasingly

higher marginal costs are brought online. This increase in the marginal cost of electricity

is represented by a positive slope (b > 0). Furthermore, a negative demand for fossil fuels

(qFF = D+X − qV RE < 0) can lead to a negative price of electricity. This phenomenon

is discussed in Chapter 1.

In this one-country model, when VRE power generation exceeds domestic demand and

exogenous export (i.e. when qV RE > D+X), the demand for the fossil fuels technology

will become negative (qFF < 0). Although a negative excess demand for fossil fuel

technology does not make intuitive sense, it can be considered as the amount of energy

that can be stored. According to the price function in Figure 4.2, this negative excess

demand for fossil fuels (i.e. positive excess demand for storage) can lead to a negative

3In the case of energy from fossil fuels, the variable cost is mainly given by the cost of fuel.
4The phrase “negative demand for fossil fuels” refers to the phenomenon where VRE supply exceeds

demand.
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Figure 4.2: The price function

price of electricity.5 This negative price of electricity, which occurs in the days with

significantly large VRE power generation, can be understood as the shadow (marginal)

cost of storing one unit of excess VRE power. Indeed, when VRE power generation

exceeds domestic demand and (exogenous) exports, the surplus electricity can be stored

at this cost to the producer, in case there is available storage technology, or it can be

sold at a negative price. The model developed in this chapter does not consider storage

technologies, hence the use of the term “shadow cost of storing”. Nevertheless, the

discussion of extremely high VRE power generation is relevant for two main reasons: 1)

in the presence of restricted trade (i.e. when trade is possible only up to a certain level due

to an exogenous constraint, such as limited transmission capacity), this phenomenon is

relevant to understand the effect of VRE on the convergence of electricity prices between

trading countries, and 2) it highlights the importance of policy coordination between

trading countries.

4.3.2 Case Two: two countries

Now let us consider two neighboring countries, country A and country B. Country A is

larger than country B. For simplicity, let us make the following three assumptions:

1. Electricity demand in country A is twice as large as that in country B:

DA = 2DB = 2d (4.3)

5In reality, negative electricity prices do occur on the wholesale electricity markets. This happens
because, during unexpectedly high sun radiation and wind speed, less flexible power plants – such as
nuclear or coal-fired ones – may find the cost of shutdown and restart to be higher than the cost incurred
by a temporary negative price.
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2. Country A has twice as much installed capacity of VRE:

ICA
V RE = 2ICB

V RE (4.4)

3. Due to their geographical proximity, both countries are exposed to the same amount

of VRE resources, i.e. they are exposed to the same level of wind speed and solar

radiations. From this and assumption 2 it follows that country A generates twice

as much electricity from VRE.

qAV RE = 2qBV RE = 2qV RE (4.5)

The electricity exports of country B to country A is represented by XB→A. A negative

value of XB→A shows a reversed direction of trade, i.e. electricity exports from country

A to country B.6

According to equations 4.2, 4.3 and 4.5, the prices in country A and country B are,

respectively:

PA = a+ b× (2d−XB→A − 2qV RE) (4.6)

and

PB = a+ b× (d+XB→A − qV RE). (4.7)

For illustration purposes, I assume that a = 0, b = 1 and d = 1. In the following

figures, qV RE and XB→A are expressed in units of demand of country B (i.e. d). For

example, in Figure 4.3, qV RE varies between 0d and 2d.

Panels A and B in Figure 4.3 show the electricity prices in countries A and B, re-

spectively, as a function of the exogenous amount of the VRE electricity (qV RE) and the

exogenous imports of country A (i.e. XB→A).

In the absence of electricity trade and VRE power generation, i.e. when XB→A = 0

and qV RE = 0, power in both countries is met exclusively by domestic, gas-fired power

generation. The electricity price in country A is higher, due to the higher level of demand.

The prices in the two countries correspond to points PA and PB on panel A and B of

Figure 4.3, respectively.

From equations 4.6 and 4.7, the price difference between the two countries is

|∆P | = |PA − PB | = |b× (2d−XB→A − 2qV RE)− b× (d+XB→A − qV RE)|

= |b× d− 2b×XB→A − b× qV RE | (4.8)

6The default notation of the direction of electricity trade is justified by the higher demand of country
A. However, as discussed later, XB→A can also take negative values.
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Figure 4.3: The electricity prices of countries A and B
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Figure 4.4: Price difference between countries A and B
This figure displays the absolute value of the difference between the price in country A
and country B, as function of the exogenous amount of the VRE electricity (qV RE) and

the import of country A (XB→A).

Figure 4.4 shows the absolute value of the price difference between country A and B,

as a function of VRE (qV RE > 0) and power trade (XB→A). I choose the absolute value

of the price difference as a measure of price dispersion due to the fact that I am interested

in the general phenomenon of price convergence between the two countries. The price

difference can increase due to changes in both countries, i.e. it can take both positive and

negative values. However, the model discussed here aims to provide an understanding

of the general effect of VRE on the process of price convergence, indifferent of which

country displays the higher price. The special case of autarky (XB→A = 0) is shown by

the red line.

The isolated effect of trade on price convergence

For simplicity, let us assume that there is no VRE, i.e. qV RE = 0. In this case the price

differential of the two countries (from equation 4.8) can be rewritten as:

|∆P | = |b× d− 2b×XB→A|
In other words, as electricity exports from country B to country A increase from zero
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to d/2, the prices in two countries converge. As VRE is not available, demand is met

entirely by fossil fuels. Due to the availability of imports, demand for domestic fossil

fuel in country A (qAFF ) drops, while the demand for fossil fuel electricity in country B

(qBFF ) increases. This gives rise to a lower price of electricity in country A and a higher

price of electricity in country B, compared to the autarky scenario. In other words, in

line with the mainstream international trade literature, in the presence of free trade, the

electricity sector experiences a convergence of international prices.

The isolated effect of VRE on price convergence

Now, let us assume that VRE becomes available in both countries, but there is no pos-

sibility for electricity trade, i.e. XB→A = 0. In this case the price differential of the two

countries (from equation 4.8) can be rewritten as:

|∆P | = |b× d− b× qV RE |
In other words, as the amount of VRE increase – but is lower than d, i.e. 0 ≤ qV RE ≤ d

– the prices in the two countries converge. This is due to the fact that the higher

price, in Country A, falls more rapidly than that of Country B, due to a higher level of

VRE capacity displacing conventional power plants. However, as VRE power generation

increases further in both countries, the price in country A will continue to drop at a faster

rate than that of Country B, beyond the level of full price convergence. Put differently,

if the amount of VRE exceeds a certain threshold (qV RE ≥ d), the prices start to diverge

again. This implies a U-shaped relationship between the VRE and the price differential:

for low levels of VRE, the price differential is high. As the contribution from VRE in the

energy mix increases, the price differential drops, only to increase again, once a certain

level of VRE is surpassed. Since an increase in price convergence is defined as a decrease

in the price differential, a U-shaped relationship between VRE and the price differential

corresponds to a reverse U-shaped relationship between VRE and price convergence.

In the absence of both electricity trade and VRE, the price of electricity is higher

in country A. The price difference, which is due to the higher demand in country A, is

represented by |∆P | in Figure 4.4.

As the amount of VRE electricity increases in both countries (qV RE > 0), the prices

of electricity are expected to decline, due to the “merit order effect” of VRE (Fig. 4.2).

Since the VRE installed capacity in country A is twice as large as that of country B,

more conventional power is crowded out by VRE in country A, thus leading to a faster

price drop in this country with initial higher price and, consequently, to the convergence

of the two electricity prices.

In the absence of electricity trade (i.e. XB→A = 0), a small increase in the amount of
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VRE electricity in the two countries (qV RE > 0) lowers the respective electricity prices.

However, due to the higher VRE installed capacity in country A, the price reduction in

this country is faster. Hence, as the exogenous amount of VRE electricity increases – as

long as this increase is not too large – the price difference in the two countries is reduced.

This corresponds to point |∆̃P | in Figure 4.4. If the amount of VRE electricity continues

to grow, the price of electricity in both countries declines even further. Since the price in

country A continues to drop faster, if VRE increases beyond the point of complete price

convergence (i.e. the level of VRE that corresponds to |∆P | = 0 ), the price difference

will increase again.

Therefore, in the case of power generation autarky, the relation between VRE and

price convergence is not monotonic. For lower levels of VRE, the price difference is re-

duced, however, if VRE increases beyond the point of full convergence, the price difference

increases.

The effects of both VRE and trade on price convergence

Let us now see how removing barriers to trade affects the process of price convergence,

in the presence of VRE. According to Figure 4.4, when electricity trade between the two

countries is unrestricted, for any level of VRE electricity, there exists a corresponding

level of trade for which the electricity prices of the two countries are identical. In other

words, in the absence of trade restrictions, complete price convergence is possible, for

any level of VRE. As the amount of VRE changes, the level and the direction of trade

adjust and a new convergence price is reached. The paired levels of trade and VRE which

correspond to complete price convergence, i.e. |∆P | = 0, are shown in Figure 4.4 by the

dashed yellow line.

However, if there are trade restrictions between the two countries, price differentials

may persist. In other words, in the intermediary cases of possible-yet-restricted trade,

price convergence only occurs up to a certain level of VRE power generation. If VRE

continues to increase beyond the point of complete price convergence, electricity prices

begin to diverge again.

Figure 4.5 displays the absolute value of the price difference between country A and

B, when trade is restricted to between -0.25 and 0.25. As mentioned before, all variables

are scaled by the level of demand d of country B. Therefore, in Fig. 4.5, power trade can

only vary between -0.25 and 0.25 of the level of demand d. As we can see in this plot, for

too small or too large values of VRE, the price differences persist. The model implica-

tions discussed here highlight the importance of coordination between power trade infra-

structure and the decarbonization of different national power systems. In other words,

different national-level decision-making about VRE targets need to be complemented by
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Figure 4.5: Price difference of country A and B when trade is restricted
This figure displays the absolute value of the difference between the price in country A
and country B, as function of the exogenous amount of the VRE electricity (qV RE) and

the import of country A (XB→A). The special case when the two countries cannot
trade electricity (XB→A = 0), is displayed with the red line. (Here I assume that a = 0,

b = 1 and d = 1. Furthermore, qV RE and XB→A are scaled by d.)

supra-national decision-making about targets for interconnector infrastructure. In the

next section, I test the validity of this theoretical framework empirically.

4.4 Data

In order to understand the effect of VRE on the process of price convergence, I use hourly

data for the period of 2015 to 2017 for the following variables: day-ahead electricity price,

day-ahead forecast for electricity consumption (load), day-ahead forecast for electricity

generation from variable renewable energy sources, namely – onshore and offshore – wind

power and solar power and data on actual electricity trade between the countries under
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analysis, as well as trade between these countries and third-party countries. Data come

from the European Network of Transmission System Operators for Electricity (ENTSO-

E) and will be discussed in detail in this section. To the best of my knowledge, this is

the first study that uses hourly trade data instead of using trade proxies, such as the

spread in consumption, as used in (Keppler, Phan, Le Pen et al. (2016)).

The countries under analysis are Portugal, Spain, France, Belgium, The Netherlands,

Luxembourg, Germany and Austria. These eight countries form six bidding zones, as

Luxembourg, Germany and Austria are grouped in a single bidding zone, while every

other country corresponds to individual bidding zones.7 The choice of countries is mo-

tivated by three main reasons: first, many of these countries have very high absolute

values of – as well as experiencing a rapid increase in the share of – VRE, for the period

under investigation; second, this region is very active in terms of electricity trade, facil-

itated by ongoing projects for interconnector capacity extension.8 For these two reasons,

this selection of countries provides an interesting case study of cross-border power trade

increases, in parallel with increases in VRE generation. Third, the countries selected

cover a large geographical area, a wide variety of national energy mixes and a common

currency, thus lending the price convergence analysis to straight-forward interpretation.

The day-ahead electricity price is the price determined by trade on the day-ahead

market, as distinct from both the future/forward market, which can take place up to

years in advance of the actual trade, as well as intra-day and balancing markets, which

take place on the day of the delivery. The day-ahead electricity price has historically

reflected the marginal cost of electricity production.9 For these reasons, the day-ahead

electricity price is the standard choice in the electricity economics literature (Keppler,

Phan, Le Pen et al. (2016), De Menezes, Houllier and Tamvakis (2016), and Haxhimusa

(2018)).

To model the process of price convergence, I look at the evolution of the cross-sectional

coefficient of variation of hourly prices over the 2015-2017 period. For each hour, the coef-

ficient of variation (denoted by CoVh) is defined as the standard deviation of electricity

7For the period under investigation, Luxembourg, Germany and Austria form a single bidding zone
– i.e. a geographical area where interconnector capacity does not need to be explicitly scheduled, thus
resulting in a homogeneous price. Usually, bidding zones and national borders overlap. In several cases,
however, the fragmented geography of a country leads to several bidding zones within its borders, e.g.
Italy, Sweden, Norway. The German-Luxembourg-Austria bidding zone was the only European example
of a multi-national bidding zone. The Germany-Luxembourg-Austria bidding zone was created in 2002
in order to further the development of the Internal Energy Market. It formally split on the 1st of October
2018. The split followed official complaints from Czech and Polish grid operators that the unscheduled
high flow of VRE from Germany towards Austria created congestions on the German grid, which spilled
over on the neighboring grids, thus affecting both Polish and Czech power producers and consumers.

8For example, the INELFE project, commissioned in 2015 and aimed at promoting the integration
of the Iberian Peninsula in the EU energy market, is set to double the interconnection capacity between
France and Spain, from 1400 MW to 2800 MW. (European Comission (2017))

9In contrast, as discussed in the Introduction Chapter, the intra-day market operates mainly as a
correction market and supports a marginal share of the total electricity trade.
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prices of all countries, divided by their average over the same hour. Therefore, the values

for the hourly electricity prices in the eight countries, for a specific hour, are aggregated

in a single hourly value. A reduction of the CoV reflects convergence of electricity prices,

and vice-versa. I make the following choices for notation: the term “price differential”

is used throughout the remainder of this chapter to refer to the coefficient of variation.

Therefore, a negative relation between the price differential and a given variable can be

interpreted as a positive relation between price convergence and that same variable.

The day-ahead electricity price is determined by bids made on the day-ahead market

based on information of expected (forecasted) demand and power generation. For this

reason, I use data on day-ahead forecasts for – instead of actual realizations of – demand

and power generation from VRE as the main explanatory variables.10

For data on power trade, I use the pair-wise total scheduled commercial exchanges

between the countries under analysis, as well as between these countries and third-party

countries. Total scheduled commercial exchanges are defined as the amount (in MW) of

power trade that is scheduled to take place between two given countries for a specific

hour, aggregated over bidding markets at all time horizons. This variable thus reflects

the existing interconnector capacity for any given country and acts a a proxy for its upper

limits to power trade.

Since all eight hourly price observations for all countries, for any given hour, are

aggregated into one variable, namely the cross-sectional coefficient of variation of hourly

prices, I proceed in a similar way with the remaining two variables of interest. Therefore,

I calculate the share of VRE in power demand, at hourly resolution and for each country.

I use the share of VRE in total load – instead of the absolute power – due to the large

variation across the sizes of the different electricity markets considered. The final V REh

variable used in the model is calculated as the cross-sectional average of the hourly shares

of VRE in total demand across the six bidding zones.

Tradeh is the second exogenous variable of interest. Consistent with the definition of

V REh, Tradeh is computed as the cross-sectional average of the share of trade in total

demand, across the six bidding zones. Thus, in order to compute Tradeh, I first compute

the hourly ratio of utilized cross-border transmission to total load for individual countries.

More specifically, I calculate the sum of imports and exports, at hourly resolution, for

each country – both with each of the other countries considered, as well as with third-

party countries. I then divide this aggregate trade by hourly domestic demand, for each

country. As discussed above, electricity trade is both enabled and limited by the existing

interconnector capacity – i.e. the electricity export potential of a country is not given

by its excess power generation alone, but is conditioned by the presence of available

10As discussed in subsection 1.4.1 of the Introduction Chapter, this standard choice is due to the fact
that day-ahead prices are determined based on these forecasts.
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interconnector capacity.

Occasionally the aformentioned time series have missing observations in a few hours

over my three years of sample data. I remove these hours from my sample, and therefore,

the final dataset has 25840 hourly observations for each of the time series mentioned

above. An overview of descriptive statistics on the time series of demand, share of VRE

and trade are displayed in appendix A to this chapter.

4.5 Empirical model

The research presented here addresses the following question: how does the increasing

share of VRE affect the process of electricity price convergence? The current section

develops an empirical specification to answer this question.

To guide our understanding of the relation between VRE and electricity prices, let

us first discuss several stylized facts about electricity prices and electricity trade: 1)

The main determinant of the electricity price is the fuel cost. Therefore, given the het-

erogeneity of energy mixes across the countries under analysis and their ambitions to

significantly increase their reliance on solar and wind power, an increase in the contri-

bution of VRE, with almost-zero fuel cost, would be expected to lower electricity prices

across all considered countries, in the long run. 2) There is a wide variation in weather

patterns – i.e. in wind speeds and solar radiation – across European countries. Also,

countries differ substantially in terms of installed capacity of VRE. This points to a large

scope for electricity trade. As electricity flows from a lower-price country to a higher-price

country, trade reduces the price differential between the two countries. This mechanism

enables the process of electricity price convergence between the trading countries. And

3) there is an upper limit to the amount of excess VRE power generation that a country

can export, as electricity trade is only possible in the presence of available interconnector

capacity. These three stylized facts are explicitly addressed in the theoretical model of

section 4.3. Here I discuss the empirical specification of the mechanisms described in

section 4.3.

The empirical identification of the conceptual tool dicussed in section 4.3 is developed

around four model specifications. With the exception of the first one, each specification

builds on the previous one. In all model specifications, the dependent variable is the

cross-sectional coefficient of variation of hourly electricity prices (across the bidding zones

considered in this chapter). The main variables of interest are the share of electricity

from VRE in hourly load and the share of power trade in hourly load. All hypotheses

and the model specifications used to address them are discussed in the remainder of this

section.
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Hypothesis 1: A growing contribution from low-cost VRE is associated with an

increase of the price differential. Conversely, power trade is associated with a reduction

of the price differential.

CoVh = α+ β1V REh + β2Tradeh

+ δ1CoVh−1 + δ2CoVh−24 + δ3CoVh−168+

δ4TimeTrend+φ1HourDummies+φ2DayOfWeekDummies+φ3MonthDummies+εh

(4.9)

where CoVh is the cross-sectional coefficient of variation of hourly prices between the

eight countries, in hour h. It is calculated as CoVh = Sh

|Xh|
, where Sh is the cross-sectional

standard deviation of hourly prices in the eight countries and |Xh| is the absolute value of

the cross-sectional mean of the hourly prices of the eight countries. I chose the coefficient

of variation over standard deviation, as a measure of variation, in order to account for

any changes of the mean. In addition, I use the absolute value of the mean as the

denominator – instead of the mean itself – due to the fact that the time series of |Xh|
contains six observations with negative values for the cross-sectional mean hourly price.

As the CoVh is a measure of dispersion, negative values do not make sense. Also, as

the values of the negative prices are close to zero, this has no impact on my numerical

results.

As defined in the previous section, V REh is the main variable of interest and is

calculated as the cross-sectional average of the hourly shares of VRE in the total demand

across the six bidding zones. Similarly, Tradeh is computed as the hourly cross-sectional

average of the share of trade in total demand, across the six bidding zones.

CoVh−1, CoVh−24 and CoVh−168 are respectively the 1-hour, 1-day and 1-week lagged

values of the cross-sectional CoV of hourly prices. This choice is in line with the estab-

lished auto-regressive characteristic of electricity prices (Huisman, Huurman and Mahieu

(2007)).

Furthermore, in this regression we have the following dummy variables: HourDummies

refer to the 23 hour dummies, and DayOfWeekDummies refer to the 6 dummy variables

for each day of the week. Similarly, MonthDummies represents 11 dummy variables to

capture the month-specific effects. Finally, TimeTrend is a time series such that its ith

element has a value of i
24×365 . In other words, the value corresponding to the 1st hour

of January 1st in 2015 is 1
24×365 , and the values corresponding to the last hours of 2015,

2016 and 2017, are respectively one, two and three. Therefore, δ4 measures the average

trend of price convergence across countries per hour between the first hour in 2015 to

the last hour in 2017.
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In a second model specification, I aim to gain more insight regarding the shape of the

relation between VRE and price convergence. More specifically, I investigate whether

the data support the inverse-U relation between the two variables, as displayed by the

conceptual model presented in the previous section. This non-linear relation can be

empirically tested by a polynomial model specification. My new hypothesis is:

Hypothesis 2: The relation between VRE and the price differential is U-shaped.

As VRE increases, international prices converge – and their price differential decreases.

However, as the level of VRE increases (starting from a low level) beyond a certain point,

prices begin to diverge again.

CoVh = α+ β1V REh + β2V RE
2
h + β3Tradeh

+ δ1CoVh−1 + δ2CoVh−24 + δ3CoVh−168+

δ4TimeTrend+φ1HourDummies+φ2DayOfWeekDummies+φ3MonthDummies+εh

(4.10)

In order to analyze how the effect of VRE on price convergence is both enabled and

limited by the insufficient interconnector infrastructure,11 I extend Model (2) by introdu-

cing the interaction term V RE×Trade in regression equation 4.10. The rationale behind

this model specification is the assumption that the effect of VRE on price convergence

depends on the level of available interconnector capacity – as proxied by the share of

power trade. In other words, the effect of VRE on price convergence is different in the

presence of interconnector capacity, compared to a situation when trade is not possible.

My new hypothesis is thus:

Hypothesis 3: The effect of VRE on price convergence depends on the level of power

trade. The new model specification is given by:

CoVh = α+ β1V REh + β2V RE
2
h + β3Tradeh + β4V REh × Tradeh

+ δ1CoVh−1 + δ2CoVh−24 + δ3CoVh−168+

δ4TimeTrend+φ1HourDummies+φ2DayOfWeekDummies+φ3MonthDummies+εh

(4.11)

Finally, in the last empirical specification, I want to understand the shape of the

relation between electricity trade and the process of price convergence. More specifically,

my hypothesis is that there is a U-shaped relation between the two variables – as defined

11Insufficient relative to the trade potential, i.e. it sets an upper limit to the trade of excess VRE
power generation.
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in the analysis – in line with the results from the conceptual framework. For low levels of

power trade, the prices between countries converge, in line with the mainstream literature

on international trade. However, as power trade goes beyond a certain level, prices begin

to diverge again. This can be due to the fact that, when interconnector capacity becomes

saturated and low-priced renewable electricity cannot be exported further, importing

countries substitute relatively higher-priced domestic alternatives for imports. The last

hypothesis is thus:

Hypothesis 4: The relation between power trade and the process of price conver-

gence is non-linear. Low levels of power trade are associated with price convergence,

however, as power trade goes beyond a certain threshold, prices begin to diverge again.

CoVh = α+ β1V REh + β2V RE
2
h + β3Tradeh + β4V REh × Tradeh + β5Trade

2
h

+ δ1CoVh−1 + δ2CoVh−24 + δ3CoVh−168+

δ4TimeTrend+φ1HourDummies+φ2DayOfWeekDummies+φ3MonthDummies+εh

(4.12)

To avoid spurious regression, before running any regression, one must ensure that

the time series do not display unit-root, i.e. they are stationary. Table 4.1 reports the

results values of the Granger-Engle Augmented Dickey Fuller test for stationarity (see

Engle and Granger (1987); Dickey and Fuller (1979)). In this test, as a rule of thumb, the

lag order is set to the greatest integer lower than (N − 1)1/3, where N is the number of

observations. Since I have 25840 hourly observations for each time series, I choose 29 lags

for this test. In this test, the null hypothesis is non-stationarity. As all the p-values are

smaller than 1%, the null-hypothesis, i.e. non-stationarity of the time series, is rejected.

In other words, all three times series are stationary.

Table 4.1: Granger-Engle Augmented Dickey Fuller

CoV VRE Trade

Statistic Value -21.245 -18.868 -18.579

P-Value < 0.01 < 0.01 < 0.01

Note: This table reports the Granger-Engle Aug-
mented Dickey Fuller test on the stationarity of
the input time series. I consider 29 lags for this
test. These tests are performed using “Alternat-
ive Time Series Analysis” (aTSA) Package of R.

As already mentioned, the main variables of interest are the share of electricity from

VRE in hourly load and the share of power trade in hourly load. However, the Trade

variable (Tradeh) might be endogenous. In case of endogeneity, we can no longer use
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OLS as an estimation method, as in this case the estimated coefficient for trade is biased.

To investigate the presence of endogeneity, I use a Durbin-Wu-Hausman endogeneity

test. (For the detailed discussion, see Appendix C of this chapter.) Under the null

hypothesis, the covariance of the regressor and the error term is zero. Therefore, in case

of endogeneity, the null hypothesis is rejected. Table 4.2 reports the test results. Given

the high p-value (p− value = 0.125) of the last model specification, we fail to reject the

null hypothesis. We conclude the model does not suffer from endogeneity, thus OLS can

be used as an estimation method.

4.6 Results

In this section, I discuss the main findings of the four empirical models presented above.

These findings are summarized in columns 1-4 of Table 4.2. I begin by discussing the

lagged variables and the time trend. I then turn to the evidence that the data provides

in support – or lack thereof – of the four hypotheses addressed in the previous section.

Finally, I discuss potential mechanisms behind the models’ results. Appendix B to this

chapter reports the estimated coefficients for the dummy variables in this regression.

As expected, the one hour lag value of the coefficient of variation has a strongly

significant and positive effect on its future values, thus confirming that the process of

price convergence – as captured by the CoV – is auto-regressive. In other words, if prices

converged in the previous hour, they tend do so in the current hour as well. Conversely,

if the prices diverged in the past hour, they will diverge in the current hour as well.

In addition, the fact that the coefficient of the one-hour lagged value is the largest in

magnitude reflects the short-run persistence of weather patterns as well as the structural

inertia of the electricity production and consumption curves. The Time Trend variable

gives insights into how the dependent variable – the cross-sectional coefficient of variation

of hourly electricity prices – has changed over the period under analysis. The strong

statistical significance and negative sign of its coefficient point to the fact that the CoV

has decreased between January 2015 and December 2017 – i.e. that there is a long-term

price convergence tendency.

As shown in the first column of Table 4.2 – corresponding to the first model specific-

ation in the previous section (regression equation 4.9) – the share of VRE has a positive

effect on the cross-sectional CoV of hourly electricity prices. In other words, according

to the base-line specification, an increase in VRE is associated with an increase in the

cross-sectional CoV, i.e. the measure of price dispersion. This result is in line with the

existing literature on the effect of VRE on the convergence of international prices, as dis-

cussed in the literature review section (Phan and Roques (2015); Keppler, Phan, Le Pen

et al. (2016)).
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Table 4.2: Regressions results: cross-sectional coefficient of variation of price as depend-
ent variable

Dependant Variable: Cross-sectional Coefficient
of Variation of Price

Model 1 Model 2 Model 3 Model 4

Coefficient Coefficient Coefficient Coefficient

(St. Dev.) (St. Dev.) (St. Dev.) (St. Dev.)

Intercept
0.069*** 0.169*** 0.109*** 0.167***

(0.007) (0.051) (0.028) (0.036)

V REh

0.204*** -1.061* -0.686* -0.697*

(0.072) (0.578) (0.403) (0.402)

V RE2
h

3.535** 3.521** 3.534**

(1.798) (1.775) (1.773)

Tradeh
-0.145*** -0.13*** 0.107 -0.339***

(0.039) (0.034) (0.126) (0.102)

Trade2
h

0.811***

(0.210)

V REh × Tradeh
-1.474* -1.419*

(0.860) (0.861)

CoV 1h-lag
0.798*** 0.775*** 0.773*** 0.772***

(0.020) (0.032) (0.032) (0.032)

CoV 24h-lag
0.018 0.018* 0.017* 0.017*

(0.011) (0.010) (0.010) (0.010)

CoV 168h-lag
0.015* 0.014* 0.015* 0.014**

(0.008) (0.008) (0.008) (0.007)

Time Trend
-0.005*** -0.006*** -0.006*** -0.007***

(0.001) (0.002) (0.002) (0.002)

Observations 25840 25840 25840 25840

Hour Dummies Yes Yes Yes Yes

Day-of-Week Dummies Yes Yes Yes Yes

Month Dummies Yes Yes Yes Yes

Adjusted R2 0.689 0.694 0.694 0.695

p-value of the Durbin-Wu-Hausman endogeneity
test (Null hypothesis: Null hypothesis: both the

OLS and the IV estimators are unbiased.)
0.948 0.808 0.287 0.125

Note: This table reports the regression coefficients, when I regress the coefficient of variation of price on its
own lagged values, the share of VRE, the share of Trade and their interactions, as well as several dummy
variables. All reported standard deviations are robust to heteroskedasticity and autocorrelation based on
the Newey-West technique (Newey and West (1987)). Significance of p-values is reported as follows: * <
0.1, ** < 0.05 and *** < 0.01.
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Let us now address the second part of Hypothesis 1, namely the effect of power trade

on the price difference between the countries in the sample. According to the results in

Column 1, the effect of power trade on the cross-sectional CoV of prices is negative and

statistically significant at the 1% significance level. Refering back to the first hypothesis

stated in the previous section, namely:

Hypothesis 1: A growing contribution from low-cost VRE is associated with an in-

crease of price differences. Conversely, power trade is associated with a reduction of the

price differential.

– the base-line model specification provides sufficient evidence to support both the

first and the second part of the hypothesis.

As we saw in the conceptual framework in Section 4.3, there are several factors that

influence the relation between VRE and the convergence of electricity prices: first, the

level of VRE – more specifically, how much demand is met by renewable power in each of

the countries considered; second, the relative sizes of the countries; and finally, how power

trade is both impacted by and itself influences the relation between VRE and the process

of price convergence. The previous baseline specification cannot offer insights into these

relation. Therefore, I extend the initial model specification in order to understand these

relations.

In particular, I look at the shape of the relation between VRE and price convergence,

as captured in the models by the CoV. Indeed, I investigate whether the effect of VRE on

the cross-sectional CoV of electricity prices is the same for all levels of VRE, or it changes,

with a varying share of VRE in overall demand. To do so, I extend the model in regression

equation (4.9) by introducing the quadratic term of VRE, with the corresponding results

displayed in Column 2. This will lead to regression equation (4.10).

How can we interpret the model results? First and foremost, the coefficient of VRE

has the opposite sign, compared to the baseline specification. Second, the strong stat-

istical significance of the coefficient of the new quadratic term confirms the presence of

non-linearity in the relation between VRE and price convergence. These two main results

confirm that this particular model specification is better suited to explain the relation

between VRE and the process of price convergence. In other words, the positive sign of

the VRE coefficient in Model 1 was obscuring a non-linear relation between VRE and

price convergence. The results of Model 2 are in line with the predictions of the analytical

framework, as well: low levels of VRE are associated with a decrease in price CoV – as

depicted by the negative sign of the V REh coefficient; however, as VRE levels increase

above a certain threshold, international prices begin to diverge again, as confirmed by

the statistically significant and positive coefficient of V RE2
h.

Similar to the previous specification, the coefficient of the power trade variable i.e.
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Tradeh has a negative sign and is strongly significant, at the 1% significance level.

Overall, the statistical significance of the coefficient of the quadratic term V RE2
h,

coupled with the increased explanatory power of this second model specification – as

reflected in the increased value of the adjusted R2 – confirm that this model specification

is better suited to explain the shape of the relation between VRE and the process of

price convergence. Going back to the second hypothesis stipulated in the Model section:

Hypothesis 2: The relation between VRE and price convergence is inverse U-shaped.

For low levels of VRE international prices converge. However, as the level of VRE

increases further, prices begin to diverge again.

The model specification finds sufficient evidence to support this hypothesis.

Therefore, the results of Model 2 show that the relation between VRE and the price

differential is U-shaped.12 However, according to the conceptual framework, the effect

of VRE on price convergence depends not only on the level of VRE, but also on the

possibility to trade electricity.

The two models above have looked at these two variables separately and assumed they

have independent effects on the process of electricity price convergence. In the following

model specification, I look at whether power trade has any impact on the relation between

VRE on price convergence. In other words, while the previous specifications confirmed

the direct effect of VRE on price convergence, I test whether VRE also has an indirect

effect, via power trade, on the convergence of international electricity prices. To do so,

I extend the previous model by introducing an interaction term V REh × Tradeh to get

regression equation (4.11).

The estimation results for this model specification are shown in column 3 of Table 4.2.

The interaction term is negative and statistically significant. This confirms the indirect

effect of VRE on price convergence, i.e. that the power trade infrastructure acts as a

vehicle for the price convergence effect of VRE. In other words, the negative effect of VRE

on the price differential is stronger in the presence of available interconnector capacity.

When the interconnector infrastructure becomes saturated, the price convergence process

slows down – and even reverses, when the VRE level goes above a certain threshold.

This can be explained by the fact that, when countries can no longer import cheap VRE-

generated electricity, due to the saturation of the interconnector capacity, they switch

back to more expensive domestic fuels and thus experience an increase in electricity prices.

At the same time, exporting countries continue to experience a decline in electricity

prices, as excess VRE pushes domestic prices further down, due to the merit-order effect.

12Note that price convergence corresponds to lower price differential, i.e. ∆P . Thus, an inverse U-
shaped relation between price convergence and VRE corresponds to a U-shaped relation between the
price differential and VRE.
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These simultaneous phenomena result in an increased spread between the electricity

prices of the trading countries, as confirmed by the positive sign of the V RE2
h coefficient.

The magnitude of the latter is virtually unchanged, compared to Model 2. Finally, the

Tradeh coefficient becomes non-significant, as its effect is captured by the interaction

term.

This model specification confirms that the effect of VRE on the price differential is

given by both the direct effect – corresponding to the coefficients of V REh and V RE2
h –

and the indirect effect, enabled by the possibility to trade, as captured by the interaction

term. Therefore, going back to the third hypothesis:

Hypothesis 3: The effect of VRE on price convergence depends on the level of power

trade.

The third model specification provides sufficient evidence to support it.

Finally, in the last model specification, I look further at non-linearities in the relation

between power trade and price convergence. More specifically, I extend the previous

model to include the quadratic term Trade2
h. The coefficients of V REh, V RE2

h and of

the interaction term V REh×Tradeh remain virtually unchanged in sign and magnitude.

However, the coefficient of Tradeh becomes negative again, similar to the specifications

of Column 1 and 2 (regression equation 4.9 and 4.10), which excluded the interaction

term. More importantly, the coefficient of the new quadratic term, Trade2
h, is statistically

significant at the 1% significance level and has a positive sign.

How can we interpret these new results? First, the statistical significance of the new

quadratic term confirms the presence of a non-linear relation between power trade and

the chosen measure of price convergence, i.e. the cross-sectional coefficient of variation

of electricity prices. Second, the negative sign of the Tradeh coefficient, coupled with the

positive sign of the Trade2
h coefficient imply a U-shaped relation between power trade

and the CoV. More specifically, for low levels of power trade, prices tend to converge – i.e.

the CoV decreases – however, as the share of power trade in domestic demand increases,

prices begin to diverge again. This is explained by the insufficient interconnector capacity:

as long as cross-border transmission capacity is available, power trade contributes to the

convergence of electricity prices, however, as this capacity becomes saturated, the price

difference increases again. The final insight from this particular model specification is

that the non-linear relation between VRE and price convergence, as captured previously

by both the quadratic V RE2
h term as well as by the interaction term, is robust in the new

specification. This, together with the strong statistical significance of the coefficient of

the new quadratic term, as well as with the increase in the value of adjusted R2, suggests

that this new model specification is best suited to understand the relation between VRE

and power trade, on the one hand, and the phenomenon of price convergence, on the

other. Thus, in this model specification, the hypothesis:
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Hypothesis 4: The relation between power trade and the process of price convergence

is non-linear. Low levels of power trade are associated with price convergence, however,

as power trade goes beyond a certain threshold, prices begin to diverge again.

is validated.

One important question is whether the non-monotnic relationships suggested by the

qudratic terms – between the Trade and VRE variables on one hand, and the price

differential on the other hand – are observable in the domain of the observations in our

sample data. In Appendix D of this chapter, we address this question at length and

confirm that our data sample contains observations in the whole range of the predicted

U-shaped relationships.

4.7 Concluding remarks

In this chapter, I developed a conceptual framework to gain insights into the relation

between VRE and the process of convergence of electricity prices. The motivation be-

hind this is two-fold: first, despite its large political relevance, especially in the EU

context, the integrated approach has only recently started to receive attention in the

academic literature. Most academic research addresses the topic in an isolated manner,

in separate strands of literature, namely that of electricity market integration and that of

the effect of VRE on electricity prices. Second, these studies find ambiguous and some-

times contradicting evidence on the effect of VRE on the process of price convergence.

More specifically, studies looking at electricity market integration find that VRE leads

to price divergence, while studies on the effect of VRE on electricity prices claim that

VRE decreases prices, both domestically and abroad. The mechanisms of these effects

have not been explicitly discussed. Therefore, the unifying framework put forward in

this chapter reconciles these seemingly contradicting results. Indeed, the results of the

theoretical exercise point to a U-shaped relation between VRE and the spread between

different countries’ electricity prices. This is explained by two main mechanisms: 1) in

the long run, a simultaneous increase in VRE across different countries leads to overall

lower prices, due to the merit-order effect and to more homogeneous energy mixes, hence

to a similarity in price determinants; however, due to scale effects – i.e. the fact that,

in higher-demand/higher VRE capacity, VRE energy displaces more traditional power –

electricity prices in these countries drop faster than in countries with lower demand and

VRE capacity, thus reversing the price convergence process, for high enough VRE levels;

and 2) in the presence of (limited) cross-border transmission capacity, the domestic down-

ward pressure of VRE on electricity prices spills over to the trading partners; however, as

VRE increases beyond the limited interconnection capacity and trade is no longer pos-

sible, the exporting country continues to experience a decrease in electricity prices, while
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the previously importing country switches to more expensive domestic power generation

technologies.

Furthermore, I employed a number of empirical specifications to test the implications

of the theoretical model. More specifically, I used hourly data for eight European coun-

tries grouped in six bidding zones. The findings confirm the presence of a non-linear,

U-shaped relation between the increasing share of VRE in total load and the phenomenon

of price convergence. In other words, prices tend to converge as the share of VRE in the

energy mix increases, however, beyond a certain VRE threshold, this process is reversed.

This is, however, due to bottlenecks in the inter-connector capacity, which reflects the

importance of trans-national policy coordination.

These results thus point to the importance of policy coordination at different levels:

first, individual countries need to anticipate the pressure that a unilateral increase in the

share of VRE puts on its power trade needs and potential – and assess the requirements

of interconnector capacity that would best accommodate its target VRE share. Second,

as interconnector projects span several countries – and are generally subject to EU-level

approval and funding – the results point to the need for increased policy coordination at

the supra-national level.
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Appendix 4.A Descriptive statistics of all variables of

interest

Table 4.3: Hourly electricity prices per bidding zone (in Euro/MWh)

Belgium
Germany Austria

Luxembourg
Spain France Netherlands Portugal

Mean 41.9 31.7 47.4 40 37.2 47.4

St. Dev. 22.7 14.6 14.4 20.2 12.2 14.3

5th Percentile 18.9 10.9 21.1 16.9 20.8 21.8

25th Percentile 29.8 24.4 39.6 28.3 29.4 39.5

Median 38.5 31 48 37.3 35.3 48

75th Percentile 49.5 38.7 56.5 48.2 43.5 56.5

95th Percentile 74.8 53.9 69.2 72 58.6 69.2

Note: This table reports summary statistics on the price distribution in the different bidding zones and
for the time period considered in this study. For example, the median Belgium electricity price is 38.5
Euro/MWh. 5% of Belgium hourly electricity prices are lower than 18.9 Euro/MWh, and 5% of Belgium
hourly electricity prices are higher than 74.8 Euro/MWh.

Table 4.4: Hourly load distribution per bidding zone (in MW)

Belgium
Germany Austria

Luxembourg
Spain France Netherlands Portugal

Mean 9887 62414 28617 54296 14938 5628

St. Dev. 1377 10862 4574 11819 25523 967

5th Percentile 7645 45213 21588 37400 9956 4223

25th Percentile 8799 53430 24701 45450 11414 4781

Median 9943 62443 28851 52650 13410 5617

75th Percentile 10923 71778 32101 62350 15250 6371

95th Percentile 12117 78825 36077 75750 17546 7218

Note: This table reports summary statistics on the power demand distribution in the different bidding
zones and for the time period considered in this study. For example, the median Belgium hourly load is
9943 MW. 5% of Belgium hourly load values are lower than 7645 MW, and 5% of Belgium hourly load
values are higher than 12117 MW.
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Table 4.5: Distribution of the share of wind power in hourly consumption (in %)

Belgium
Germany Austria

Luxembourg
Spain France Netherlands Portugal

Mean 5.70 17.20 19.50 4.30 6.80 23.60

St. Dev. 4.90 13.20 11.70 2.90 5.70 18.90

5th Percentile 0.30 2.90 4.70 1.10 0.40 2.20

25th Percentile 1.70 7.20 10.40 2.20 2.50 8.70

Median 4.30 13.50 17.10 3.60 5.40 18.40

75th Percentile 8.70 23.80 26.40 5.60 9.60 34.50

95th Percentile 15.50 44.20 42.20 10.10 18.40 61.40

Note: This table reports summary statistics on the share of wind power in meeting the electricity demand
in the various bidding zones and for the time period considered in this study. For example, the median
Belgium share of wind power in hourly load is 4.3%. 5% of Belgium values for the share of wind power in
hourly load are lower than 0.3%, and 5% of Belgium shares of the values of wind power in hourly load are
higher than 15.5%.

Table 4.6: Distribution of the share of solar power in hourly consumption (in %)

Belgium
Germany Austria

Luxembourg
Spain France Netherlands Portugal

Mean 3.20 6.20 4.80 1.70 1.20 1.50

St. Dev. 5.00 9.60 5.50 2.50 2.00 2.00

5th Percentile 0.00 0.00 0.00 0.00 0.00 0.00

25th Percentile 0.00 0.00 0.30 0.00 0.00 0.00

Median 0.10 0.20 2.20 0.00 0.00 0.00

75th Percentile 5.10 9.80 8.70 3.10 1.70 3.20

95th Percentile 14.60 27.80 15.80 7.00 5.70 5.50

Note: This table reports summary statistics on the share of solar power in meeting the electricity demand
in the various bidding zones and for the time period considered in this study. For example, the median
Belgium share of solar power in hourly load is 0.1%. 5% of Belgium values for the share of solar power in
hourly load are lower than 0.0%, and 5% of Belgium shares of the values of wind power in hourly load are
higher than 14.6%.

Table 4.7: Distribution of power trade, as a share in hourly load (in%)

Belgium
Germany Austria

Luxembourg
Spain France Netherlands Portugal

Mean 23.90 6.40 10.20 24.70 7.00 77.20

St. Dev. 13.00 3.00 4.30 6.90 5.20 26.10

5th Percentile 5.80 2.30 3.90 14.30 0.50 39.60

25th Percentile 14.50 4.10 6.90 19.80 2.80 58.10

Median 22.30 6.00 9.90 24.20 6.00 74.20

75th Percentile 31.50 8.30 13.00 29.20 10.20 93.90

95th Percentile 46.50 12.10 17.80 36.70 16.80 123.80

Note: This table reports summary statistics on the share of trade in electricity demand in the different
bidding zones and for the time period considered in this study. For example, the median Belgium share
of power trade in hourly load is 22.3%. 5% of Belgium values for the share of power trade in hourly load
are lower than 5.8%, and 5% of Belgium shares of the values of power trade in hourly load are higher than
46.5%.
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Appendix 4.B Results for hour, day-of-the week and

month dummies

According to Figure 1 from 11am to 9pm the prices tend to converge, with the exception

of 6pm-7pm.

Figure 4.6: Estimated coefficients for hour dummies in regression 4 of table 4.2.

The strongest price divergence is observed during weekends, when load and, con-

sequently, electricity prices, record the lowest values.

Figure 4.7: Estimated coefficients for day-of-week dummies in regression 4 of table 4.2.

Prices tend to converge in February and March, which are months with reduced

hydroelectricity output and, consequently, increased electricity prices.

114



CHAPTER 4. UNDERSTANDING THE RELATION BETWEEN VRE AND
ELECTRICITY PRICE CONVERGENCE

Figure 4.8: Estimated coefficients for month dummies in regression 4 of table 4.2.
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Appendix 4.C Robustness test: Instrumental variable

regression and Durbin-Wu-Hausman test

for endogeneity

The choice of OLS as an estimation method is based on the assumption that all independ-

ent variables are exogenous. In other words, in the presence of endogeneity, coefficients

estimated using OLS are biased and an alternative estimation method should be used.

To verify whether OLS is a suitable estimation method for the model developed in

this chapter, I use a Durbin-Wu-Hausman endogeneity test to check for the presence

of endogeneity between the dependent variable, i.e. the coefficient of variation of price

(CoVh), and the trade (Tradeh) variable. Essentially, this test compares the estimated

coefficients of the initial independent variable (in this case, Tradeh) and the coefficient

estimated using an instrumental variable, two-stage least square. Under the null hypo-

thesis, both coefficients are unbiased, but the coefficient of the original variable (in this

case, Tradeh) is efficient (i.e. it has a lower standard error). If the test fails to reject the

null hypothesis, no endogeneity is detected and OLS can be used. Under the alternative

hypothesis, endogeneity is detected and the estimated coefficient of the initial variable is

not consistent. An instrumental variable method should be used instead.

I choose the one-week lag of Tradeh as an instrument, since the share of the trade

precisely 168 hours before a certain time has no impact on the price in that specific

hour (and, therefore, on its coefficient of variation). Also, the one-week lag of Tradeh is

correlated with Tradeh. Therefore, the two conditions that define a suitable instrumental

variables are met.

Thus, I use the two-stage least squares technique to compute the coefficients in re-

gression 4.9 to 4.12. The low p-value (p < 0.01) of F-test statistics reported in the table

below confirms that the one-week lag of Tradeh is a strong instrument for Tradeh. More

importantly, however, based on the high p-value (p > 0.1) of the Durbin-Wu-Hausman

test in Model 4, we fail to reject the null hypothesis at all conventional confidence level (p

= 0.125). Therefore, no endogeneity is detected and using OLS as an estimation method

yields consistent coefficients.
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Table 4.8: Robustness test: regression with two-stage least squares technique

Dependant Variable: Cross-sectional Coefficient
of Variation of Price

Model 1 Model 2 Model 3 Model 4

Coefficient Coefficient Coefficient Coefficient

(St. Dev.) (St. Dev.) (St. Dev.) (St. Dev.)

Intercept
0.070*** 0.173*** 0.140*** 0.324***

(0.007) (0.051) (0.028) (0.036)

V REh

0.204*** -1.059* -0.834** -0.905**

(0.072) (0.578) (0.403) (0.402)

V RE2
h

3.528** 3.517** 3.548**

(1.798) (1.775) (1.773)

Tradeh
-0.151*** -0.151*** -0.020 -1.399***

(0.039) (0.034) (0.126) (0.102)

Trade2
h

2.416***

(0.210)

V REh × Tradeh
-0.879 -0.554

(0.860) (0.861)

CoV 1h-lag
0.799*** 0.774*** 0.774*** 0.771***

(0.020) (0.032) (0.032) (0.032)

CoV 24h-lag
0.018* 0.018* 0.018* 0.019*

(0.011) (0.010) (0.010) (0.010)

CoV 168h-lag
0.015* 0.014* 0.015** 0.013*

(0.008) (0.008) (0.008) (0.007)

Time Trend
-0.005*** -0.007*** -0.007*** -0.010***

(0.001) (0.002) (0.002) (0.002)

Observations 25840 25840 25840 25840

Hour Dummies Yes Yes Yes Yes

Day-of-Week Dummies Yes Yes Yes Yes

Month Dummies Yes Yes Yes Yes

Adjusted R2 0.689 0.695 0.695 0.694

p-value of F-test on first regression (Null
hypothesis: Instrumental variable is weak)

<0.01 <0.01 <0.01 <0.01

p-value of the Durbin-Wu-Hausman endogeneity
test (Null hypothesis: both the OLS and the IV

estimators are unbiased.)
0.948 0.808 0.287 0.125

Note: This table reports the results of the second stage of the two-stage least squares regression technique to
compute the coefficients in regression 4.9 to 4.12, where one-week lag of Tradeh is chosen as an instrument
for Tradeh. The low p-value of the F-statistics confirms that one-week lag of Tradeh is a strong instrument.
We fail to reject the null hypothesis of the Durbin-Wu-Hausman test (as p > 0.01). OLS is therefore a
consistent estimator. All reported standard deviations are robust to heteroskedasticity and autocorrelation
based on Newey-West technique (Newey and West (1987)). Significance of p-values is reported as follows:
* < 0.1, ** < 0.05 and *** < 0.01.
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Appendix 4.D Data coverage in the whole range of

the U-shaped relationships

As mentioned in subsection 4.6, one important question is whether the non-monotnic

relationships suggested by the qudratic terms – between the Trade and VRE variables

on one hand, and the price differential on the other hand – are observable in the domain

of the observations in our sample data. We address this question with two different

approaches, namely a multivariate method and a univariate method.

1. Multivariate method: The estimated coefficients in the last column of Table

4.2 show the relationship between the coefficient of variation and VRE – after

controlling for all other independent variables – as:

CoVh ' −0.697V REh + 3.534V RE2
h (4.13)

This relationship between the coefficient of variation and the share of VRE is shown

in panel a of Figure 4.9. The range of VRE is chosen between 0 and 1, as the share

of VRE in meeting total demand can be between 0% to 100%. As we can see in

this plot, the curvature is the strongest between 0% and 30%, where most of the

VRE observations in our sample data are concentrated.

Similarly, according to the estimated coefficients in the last column of Table 4.2,

the relationship between the coefficient of variation and the Trade variable – after

controlling for all other independent variables – can be shown as:

CoVh ' −0.339Tradeh + 0.811Trade2
h (4.14)

This relationship between the coefficient of variation and the share of Trade in

total demand is displayed in in panel b of Figure 4.9. The range of Trade is chosen

between 0 and 1, as the share of Trade can be between 0% to 100%. As we can see

in this plot, the the curvature is the strongest between 10% and 40%, where most

of the Trade observations in our sample data are concentrated.

2. Univariate method: Panle a of Figure 4.10 shows the scatter plot of the coeffi-

cient of variation and the VRE. The VRE and CoV observations are plotted in the

x- and the y-axis respectively. Each data point represents one observation (a few

observations lie outside the range of x and y, used for plotting.) Furthermore, this

figure shows the fitted line when we regress the coefficient of variation on the VRE

and the VRE-squared variables. As we can see in this picture, most observations

are concentrated around the curvature point.
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(a) VRE (b) Trade

Figure 4.9: Fitted U-shaped relationships, with multivariate approach

Similarly, panle b of Figure 4.10 shows the scatter plot of the coefficient of variation

and the Trade variables. The Trade and CoV observations are plotted in the x-

and the y-axis respectively. Each data point represents one observation (a few

observations lie outside the range of x and y, used for plotting.) This figure also

shows the fitted line when we regress the coefficient of variation on the Trade and

the Trade-squared variables. As we can see in this picture, most observations are

concentrated around the curvature point.

(a) VRE (b) Trade

Figure 4.10: Fitted U-shaped relationships, with univariate approach
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Chapter 5

Conclusions

5.1 Key findings and concluding remarks

The past years witnessed several milestones in the energy transition: in 2018, power

generated by renewable energy sources outstripped that generated by burning coal, in

the OECD bloc (Torkington (2019)). This is also the case for the US, where installed

capacity of renewable energy surpassed that of coal-fired power plants, despite the less

supportive political environment, at the federal level, during the Trump administration

(Yale Environment 360 (2019)). In the UK, the cradle of industrialization, more power

was generated by renewable energy than by the combined fossil fuels of coal, oil and

gas, in the third quarter of 2019 (Evans (2019)). In 2019, the Netherlands organized the

second auction worldwide for a subsidy-free offshore wind farm, due to be completed by

2023 (Government of the Netherlands (2019)); the first auction for unsubsidized off-shore

wind farms was also organized in the Netherlands, in 2018 (Wind Europe (2018)). These

encouraging developments have been possible against a background of sharply declining

costs and increased public support for staying within the 2 degrees Celsius target emission

threshold. While modest in the overall picture of a fully renewable energy system, these

milestones would have raised some eyebrows a few decades back.

The research presented in this dissertation looked at the challenges facing the in-

creasing shares of VRE in Europe, as well as at the effects that these shares have on

the current power systems of different European countries, with implications for a pan-

European power system. The results of the research presented here can be summarized

in several key findings:

Key finding 1: A cost-optimal, fully renewable European power system greatly bene-

fits from the diversity of weather patterns across European countries. This is reflected

in the fact that the investment requirements of a fully integrated clean European power
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system are less than half of those associated with a system where power trade is not

possible.

Key finding 2: In a fully renewable, pan-European power system, some countries

will become net power exporters, and some — net power importers. For this reason,

the current, nationalistic approach to energy policy in EU countries is not in line with

the long-term goal of achieving a reliable, lowest-cost, clean, European power system.

At the same time, the extreme case scenario of entirely unrestricted power trade that

would see all power generation capacity installed in a handful of countries faces not only

political, but also technical constraints. Indeed, the current interconnection target of the

European Commission is 15% of national installed capacity, by 2030 European Commis-

sion (2019b). The simplistic model developed in Chapter Two provides reference points

for both completely isolated and completely integrated European power systems. The

results discussed in Chapter Two point to a more nuanced transition between these two

extreme scenarios, rather than a simplistic scale-up/down of the country-wise distribu-

tion of installed capacity of power generation technologies in the base scenario.

Key finding 3: While the cost associated with a fully renewable, integrated European

power system drops as barriers to power trade are increasingly removed, this drop is

not uniform for all thresholds of power integration. More importantly, the country-

wise distribution of energy technologies can change significantly, as countries’ reliance

on power trade increases. For example, according to the results of the model developed

in Chapter Two, the requirements for installed capacity of solar power in Greece drop,

as power trade increases up to the 75% integration threshold. However, from this point

until the complete integration of power systems, Greece experiences a sharp increase in

its requirements of installed solar power.

Key finding 4: The well-documented negative effect of wind power on day-ahead

electricity prices becomes stronger, with an increasing share of wind power in the overall

power mix. For solar power, however, the effect is non-significant.

Key finding 5: An increasing share of VRE is associated with a sharp increase of the

day-ahead price volatility.

Key finding 6: At low levels of VRE, an increase of the share of power from wind and

solar plants is associated with a decrease in the spread of day-ahead electricity prices in

different European countries. However, as the share of VRE increases beyond the level

that the existing cross-border infrastructure can accommodate, this effect is reversed and

prices begin to diverge. This finding points to the importance of coordination of policies

regarding targets for VRE and targets for interconnection capacity.

Key finding 7: Similarly, low levels of power trade are associated with a reduced

price differential, as measured by the coefficient of variation. However, as the power

trade increases up to the level of the limited interconnector capacity, prices start to
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diverge again.

Key finding 8: The downward effects of VRE and power trade on the price differential

reinforce each other, for low levels of both VRE and trade. As the contributions of both

in the power mix increases, the relation between them becomes ambiguous. The higher

shares of both VRE and power trade are individually associated with a divergence in

electricity prices, but their interaction has a moderating effect on price divergence.

The outcome of the multi-method, quantitative research presented here contributes

to a better understanding of some of the main issues faced by the transition towards a

clean European power system. Given the transformations that the electricity systems of

European countries are undergoing and given the ambitions of the Energy Union, this

research aimed to provide useful insights that could inform the process of the European

power system transition.

More specifically, the work developed here suggests several direct implications for the

ongoing discussion on the energy system transition, at the policy-making level. First,

despite the simplifying assumptions, the model presented in Chapter Two suggests that

the cost savings resulting from a fully integrated European electricity systems are not

proportional to the integration level. In other words, a disproportionately large part of

cost savings occurs in the early stages of the integration of the different power systems.

In turn, this finding has implications for the level of flexibility a country has in meeting

its own power needs. The findings of Chapter Three are very relevant for the discussion

of the optimal energy storage technology mix. With an increasing share of VRE, the

volatility of electricity prices is expected to increase, which could benefit the business

models of operators of energy storage technologies. Beyond the technical requirements,

cost-optimal energy storage technologies would have to be flexible enough to integrate

the changes in the volatility of electricity prices, at a high temporal resolution. So far, the

optimal characteristics of energy storage technologies have focused on cost and capacity.

However, the ongoing changes to electricity systems create opportunities for new markets

and business models. A comprehensive approach to energy system design must discuss

these new opportunities in detail. Last, the findings of Chapter Four can be connected

to both the results of Chapters Two and Three: the share of VRE at national levels,

the system-optimal level of cross-border power grid infrastructure and developments in

the electricity prices and their volatility are strongly interdependent. Policy makers

can benefit from a growing empirical literature that provides insights on the differences

between integrated and fragmented approaches to clean energy policy making.
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5.2 Future research

This dissertation has highlighted and addressed in depth some of the challenges ahead

presented by the 2 degrees Celsius target set in the Paris Agreement. Indeed, the over-

hauling of the current energy system is a complex process and relies on a clear under-

standing of how all GHG emitting sectors can interact for a more efficient path towards

decarbonisation. The research presented here has looked at the power systems of several

European countries, in isolation from other sectors. However, the distinctions between

the main forms of energy — used for electricity, heating and transportation — are becom-

ing increasingly blurry. One example is the advent of electric vehicles (EVs) worldwide.

Indeed, instead of being curtailed, excess power from non-dispatchable solar and wind

plants can be used to fuel EVs. Therefore, an over-arching view of all energy systems can

reveal interesting interactions between the different power, transportation and heating

systems.

A second important area for future research is that of energy storage technologies.

The recent increase in storage requirements has driven up the market for mature storage

technologies, the most established of which is represented by the decades-old lithium-

ion batteries. The value chain of this technology traces its roots in mines of rare earth

and heavy metals, the exploitation of which has a considerable negative impact on the

environment. Since the requirements for energy storage technologies are expected to

parallel the absolute and relative increase in VRE, R&D efforts would be required to

target alternative, less mature energy storage technologies.

Finally, the transition towards a clean European power system could greatly benefit

from a discussion of the political implications of the Energy Union. More specifically,

given the changes to considerations of national energy security for country (partly ad-

dressed in Chapter Two), a clear understanding of how the resulting burden and benefits

would be shared among member states could facilitate the success of the Energy Union.

Previous experiences in different areas of the ongoing process of the integration of the

member states into a European Union might hold some key lessons. In addition, pre-

vious experiences of international cooperation agreements in the area of climate change

can offer valuable insights. As discussed in Chapter Two, the literature on dynamic

cooperative game theory has been used in the past to address instances of international

climate agreements (Schacht (2020)). It can thus offer applicable insights for the design

and successful implementation of a mechanism to align individual countries’ incentives

with the EU-level ambition to become the world’s first climate-neutral continent.

124



Bibliography

Abrell, J. and Rausch, S. (2016), ‘Cross-country electricity trade, renewable energy and

European transmission infrastructure policy’, Journal of Environmental Economics

and Management 79, 87–113.

Acemoglu, D., Kakhbod, A. and Ozdaglar, A. (2017), ‘Competition in electricity markets

with renewable energy sources.’, Energy Journal 38, 134–155.

Antweiler, W. (2017), ‘A two-part feed-in-tariff for intermittent electricity generation’,

Energy Economics 65, 458–470.

Awerbuch, S. (2006), ‘Portfolio-based electricity generation planning: policy implications

for renewables and energy security’, Mitigation and adaptation strategies for Global

Change 11(3), 693–710.

Banos, R., Manzano-Agugliaro, F., Montoya, F., Gil, C., Alcayde, A. and Gómez, J.
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Scientific and social impacts of

the research results

In accordance with Article 22 of the “Regulations for obtaining the doctoral degree at

Maastricht University” adopted by decision of the Board of Deans and entered into force

on 1st October 2020, this section provides a reflection on the scientific and social impacts

of the research results presented within the doctoral dissertation.

For the past three decades, political action to tackle the climate change has signi-

ficantly lagged behind the evidence-based impetus from the scientific community. Even

despite the ubiquity in the media of the ambition of the 2015 Paris Agreement to en-

sure global warming remains within the 2 – and closer to the 1.5 – degrees Celsius

limit by 2100, compared to pre-industrial levels, political action in this direction has

been fragmented, globally. Six years later, only six countries enshrined their emission-

reduction targets into law, and the EU and five countries have proposed legislation in

this direction (see Energy and Climate Intelligence Unit (2020)).1 In March 2020, the

European Commission presented the proposal of the European Climate Law – which sets

the EU’s ambition to become the world’s first net-zero GHG emissions continent by 2050

(European Commission (2020)).

Approximately a third of global GHG emissions are produced by the electricity and

heat sector (World Resources Institute (2020)).2 Therefore, in order to achieve their

climate targets, countries need to decrease their reliance on conventional, fossil-fueled

power plants and invest in cleaner alternatives at a much larger scale than until now.

However, these cleaner alternatives – especially solar and wind energy technologies – dif-

fer from conventional technologies in several important aspects, two of which are: they

can only generate power under specific weather conditions and they operate at virtually

1Bhutan and Surinam have already become net-zero GHG emitters (Energy and Climate Intelligence
Unit (2020)).

2Sectors are considered together.
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zero fuel cost. Scaling up these technologies at the level required by a net-zero GHG

emissions ambition will bring about significant changes in the operation of existing elec-

tricity system and the functioning of electricity markets. Also, the EU-wide geographical

dimension of this ambition requires an integrated approach that goes beyond the tradi-

tional national-level energy system. This integrated approach to supra-national power

systems would not only enable a less-costly transition towards a low-carbon European

power system, but it is also critical in supporting the stability and flexibility of the power

system, in general. Indeed, the data used for the research presented in this dissertation

point to a systematic, extended period of time during late winter, when potential wind

power decreases substantially, in the wider Central European region. What is particu-

larly worth considering is that this is the period with highest power demand, due to the

increased demand for heating. This demand is expected to increase considerably in the

next few decades, in the context of an on-going transition towards the electrification of

the heating sector. At the same time, during the identical time period of mid-late winter,

both the Scandinavian and Mediterranean regions experience their highest wind power

potential. An advanced cross-European power grid is therefore critical to the resilience

of Central European countries, in the face of established weather patterns that result

in low power production, during extended periods of high power demand. This fact is

becoming increasingly recognized at the political level, as well. In fact, the goal of an

Energy Union – whereby electricity would flow among member states without technical

or regulatory constraints – was officially launched in 2015. As an intermediate step to-

wards further integration, the European Commission aims to increase the interconnector

capacity – that supports cross-border electricity trade – to 15% of installed capacity for

electricity production, by 2030, up from 10%, in 2020 (European Commission (2019c)).

The research presented in this dissertation identifies and investigates the main chal-

lenges faced by the transition towards a low-carbon electricity system in the EU. More

specifically, the research presented in Chapter 2 looks at how different European coun-

tries can cooperate in order to achieve lower-cost clean power systems. Due to the wide

variation in weather patterns across the EU, an integrated approach to the design of

a low-carbon European electricity system – as opposed to individual, national-level ap-

proaches – would result in significant cost savings. In Chapter Two, I develop a model

that provides estimates for these cost savings, for a selection of EU countries.

A second important challenge raised by the large-scale deployment of wind and solar

power technologies concerns the current operation of electricity markets. Due to its

zero fuel cost, power generated by solar and wind plants puts a downward pressure

on electricity prices. This makes it difficult for conventional power plants to remain

competitive, even though they are necessary in ensuring the stability of the power grid.

Therefore, an understanding of the type of challenges that a high share of these variable
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renewable energy sources would bring about for the current design of the electricity

market is essential, in order to guarantee the smooth operation of the power grid. In

Chapter Three and Four, I investigate the effects of power from solar and wind energy

technologies on the electricity price and its variance, as well as on the convergence of

electricity prices between different European countries.

The social impact of the research presented in this dissertation is therefore directly

related to the global ambitions to lower the GHG emissions associated with the electricity

sector.

The scientific impact of these research results adds to an increasing empirical literat-

ure that studies the effects of intermittent renewable energy on different aspects of the

power system and on the electricity market. The research presented here uses recent

electricity data at a high temporal resolution and for wide geographical coverage of the

EU.

Ultimately, the research discussed in this dissertation aims to contribute to the un-

derstanding of the particular set of challenges that the EU faces in its transition away

from a fossil-fuels intensive power system and towards a low-carbon one.
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