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Abstract

Efficient operations of the electricity system necessitate the ability to trade large vol-
umes of electricity across vast geographical areas. Since demand and supply of electricity
must perfectly match at any given time, wholesale electricity markets need to cover large
geographical areas to enable, and reap the full benefits of, trade. Integration and connection
of renewable electricity generation into the electricity grid to meet climate goals requires
investment in high voltage electricity transmission systems. Limited cross-border transmis-
sion capacities constrain allocative efficiency gains from expansions of wholesale electricity
markets across large geographical areas. Since the electricity transmission system is the
only conduit for trade, a transmission line connecting adjacent areas operating at its ca-
pacity constrains trade between them, and creates differences in wholesale electricity prices
between them. Quantifying and understanding the impacts of increased cross-border trans-
mission capacity on trade volumes, wholesale market prices, and stakeholder surplus is an
essential step in designing policy incentivizing market delivered investment in transmission
systems. Knowing the benefits of integrated wholesale electricity markets can aid in the
pursuit of electricity markets covering entire continents. I enumerate the impacts of major
increases in transmission capacity across several European borders. All of the studied invest-
ments lead to large increases in cross-border electricity flows, a measure of trade volumes.
Furthermore, I show on the example of the border between Spain and France that despite
substantial aggregate benefits not all stakeholders benefit from the transmission expansion.
Thus, demonstrating the need to consider the distribution of transmission expansion benefits
in addition aggregate impacts. I also discuss the creation of a single, European wide day

ahead wholesale electricity market.
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1. Introduction

The physical and institutional structure of the electricity system in most developed
countries were designed after the Second World War under different circumstances, industry
structure, and demands than exist today and are likely to exist in the future. Electricity
grids largely followed geographical and political boundaries - country borders in case of Eu-
rope. Electricity generation was dominated by large, mainly fossil fuel, thermal generators.
Vertically integrated monopolies, frequently government owned, controlled the entire system
within countries.

The industry has undergone substantial changes in order increase generation efficiency,
and thus lower electricity costs, and to lower the environmental footprint of electricity gen-
eration. The monopolies were broken up in multiple entities. Competition, free entry, and
wholesale markets were introduced at many levels. Lowering of emissions became a priority.
However, many parts of the electricity system have not kept up with the changes. There is
a need to evaluate the costs of, and benefits of alleviating, constraints imposed by parts of
the system being the same today as they were decades ago.

Electricity must be produced at the very same moment as it is consumed, and vice versa.
There must be a feasible path to carry the electricity through the transmission system be-
tween generator and demand locations. Existing transmission capacity between areas with
greatest renewable generation opportunities and large demand centers is insufficient for effi-
cient large scale integration of renewable resources. Climate commitments, decarbonization
of the electricity system, and increasing deployment of renewable generation thus require
investment in the transmission system.

The transmission system capacity between any two places determines the maximum
volume of trade between them. Differences in wholesale electricity prices arise whenever
transmission capacity between adjacent points of the grid is fully utilized. Already, with the
existing generation portfolio, large and persistent differences in wholesale electricity market
prices exist between adjacent points of the grid (Cicala, 2021).

However, even if there is infinite transmission capacity between two places, institutional



conditions must be present to enable, and to exploit all benefits of, trade in electricity. With-
out mechanisms that enable trade between places, beneficial trade opportunities might not
be realized. Without proper mechanisms making production decisions, electricity generation
might be inefficient. The switch from a central command and control authority operating
the electricity system across a small geographical area to wholesale market based operations
integrated across greater geographical regions allows for more efficient infrastructure and
system operations (Cicala, 2022).

Consequently, integration of wholesale electricity markets across vast geographical areas
and investment in cross-border transmission capacity are complements. There is a need
to understand the benefits of both, market integration and transmission investment, to
design regulation, policy, and incentives for efficient trade in electricity and for achieving
low emissions electricity systems.

I utilize, for the economics literature, a novel data set containing detailed hourly opera-
tional data on the European electricity system to empirically estimate the impacts of several
new transmission lines across Europe. The Iberian Peninsula has been referred to as an “en-
ergy island” due to a lack of cross-border transmission capacity limiting trade in electricity
between Spain and France (Arroyo Gonzalez, 2024; European Commission, 2018). I analyze
the effects of the first major investment in cross-border transmission capacity between Spain
and France in decades in Chapter 2.

Hourly electricity flows between the two countries double following the line opening
compared to 1,000 MWh before the expansion. The new interconnection decreases the
absolute value of price differences between Spain and France by 5 Euros per MWh, from
a baseline of 15 Euros per MWh. The resulting aggregate benefits amount to 93 million
Euros per year, compared to the investment cost of 700 million Euros. However, changes
in buyer expenditures and generator profits provide mixed evidence of incentives to build
the line. Generator profits and buyer expenditures do not change in Spain. In France,
both generator profits and buyer expenditures increase following the line commissioning.

Consequently, despite substantial aggregate benefits not all stakeholders benefit from the



transmission expansion, demonstrating the need to consider the distribution of transmission
expansion benefits in addition to aggregate impacts.

The degree of congestion, transmission needs, and the relative size of the increase in
transmission capacity across the Spain - France border were all very large. Furthermore, at
any given point in time, there are dozens of electricity transmission projects in Europe with
a significant ex-ante predicted impact on cross border exchange capacity under construction,
planning, and consideration.

I analyze effects of four additional projects in Chapter 3. They connect bidding (price)
zones of different sizes and arrangements. They are located all over Europe. The new in-
terconnections increase cross-border electricity flows, essentially equal to trade volumes, by
approximately 11 to 63%. The estimated nominal increases in absolute net hourly physical
cross-border flows range from 350 to 530 MWh. In contrast to the interconnection between
Spain and France, the estimated effects on absolute day ahead wholesale electricity price
differences are either statistically indistinguishable from zero, or large and positive. I at-
tribute these puzzling effects on price differences to the outside factors connected to the
Russian invasion of Ukraine causing a large increase in natural gas, coal, and energy prices
more broadly in Europe in late 2021 and throughout 2022.

European Union has set the integration of electricity markets across Europe as one of
its priorities in the energy sphere. Multiple market integration initiatives are underway
in Europe. The first, and probably most significant initiative was the creation of a single
European wide day-ahead electricity market, known as Single Day Ahead Coupling, which
created the largest day-ahead electricity market in the world. I discuss integration of the

day-ahead markets in Chapter 4.



2. Impacts of Investment in Cross-border High Voltage
Electricity Transmission Interconnection Between Spain
and France

Although high voltage electricity transmission lines account for only a small fraction of all
the lines carrying electricity around us, nearly all electricity passes through the transmission
system. Indeed, the transmission system is the only conduit of trade in electricity between
any two places. The transmission system capacity between any two places determines the
maximum volume of trade between them. Furthermore, if demand and supply of electricity
do not exactly match at any given time, then a collapse of the system and a blackout are
inevitable. Electricity must be produced at the very same moment as it is consumed, and
vice versa. There must be a feasible path to carry the electricity through the transmission
system between generator and demand locations.

Most current transmission systems in developed countries were built in the middle of
the 20" century, under different circumstances, industry structure, and demands than exist
today and are likely to exist in the future. The transmission system must be adapted to the
new circumstances. Existing transmission capacity between areas with greatest renewable
generation opportunities and large demand centers is insufficient for efficient large scale
integration of renewable resources. Already, with the existing generation portfolio, large and
persistent differences in wholesale electricity market prices exist between adjacent points of
the grid (Cicala, 2021). Price differences correspond to differences in marginal cost, and
thus imply inefficient generation allocation. Wholesale price differences exist because the
transmission capacity between these adjacent points is fully utilized.

Climate commitments, decarbonization of the electricity system, and increasing deploy-
ment of renewable generation require investment in the transmission system. The switch
from a central command and control authority operating the electricity system across a small
geographical area to wholesale market based operations integrated across greater geograph-
ical regions allows for more efficient infrastructure and system operations (Cicala, 2022). A

greater role for markets spanning large geographical regions in electricity system operations



also necessitates investment in the transmission system. Indeed, the need to massively in-
vest in transmission infrastructure has been an important topic in policy debate in the last
decade. Both the Inflation Reduction Act in the USA, and the European Green Deal in the
EU are calling for, and devoting resources to transmission system expansion. Doubling of
transmission capacity across many European borders, costing tens of billions Euros, will be
needed in the next few decades (ENTSO-E, 2021; P. L. Joskow, 2021). Several questions
immediately surface. If the claimed needs and benefits are there, why are we not seeing more
investment in electricity transmission systems? Are there incentives such that the market
will deliver the investment when, where, and in the volumes needed?

What are the ex-post benefits of increased transmission capacity between two places?
How do these benefits compare to investment costs? Is the cross-border transmission capac-
ity the dominant constraint on trade or is there another significant factor constraining trade?
Most evaluations of new transmission projects happen ex-ante, before the transmission line
is built. Entities directly involved and impacted by the investments frequently conduct these
evaluations. Their interests might not align with global interests. Even though the evalua-
tions must follow regulation, the results can be significantly influenced due to usage of highly
complex, stylized and proprietary engineering models and assumptions. There is a lack of
thorough empirical evaluation of realized impacts of investment in transmission networks,
with a few exceptions, such as Doshi (2024) and Gonzales et al. (2023). In other words, there
is little rigorous evidence on the realized benefits of transmission expansion. Consequently,
it is very difficult to validate the ex-ante studies, which might be subject to great errors.
I am the first to evaluate the impacts of a large new transmission interconnection between
Spain and France.

The interconnection between Spain and France has been persistently congested, that
is operating at its capacity, for years. Indeed, the Iberian Peninsula has been referred to
as an “energy island” due to a lack of cross-border transmission capacity limiting trade in
electricity between Spain and France (Arroyo Gonzalez, 2024; European Commission, 2018)

A new high voltage direct current (HVDC) line between Baixas in France and Santa



Llogaia in Spain was commissioned on October 5th, 2015. This interconnection resulted in
the first significant change in cross-border transmission capacity between Spain and France
in decades. The project was built as a joint venture between Spanish and French trans-
mission system operators (T'SO). The TSOs estimated that the new line would double the
cross-border transmission capacity between the two countries. I utilize, for the economics
literature, a novel data set containing detailed hourly operational data on the Spanish and
French electricity systems to empirically estimate the impacts of this new transmission line.

Wholesale market electricity price differences indicate congestion across a border, be-
cause price differences across a border occur if and only if the cross-border transmission
capacity is fully utilized, or congested!. The absolute value of price difference between two
places then measures the distance between the respective marginal cost curves. The day-
ahead price differences between Spain and France were substantial. The mean and median
absolute value of price differences were both approximately 15 Euro per MWh, roughly a
third of the mean price in each country preceding line opening. The day-ahead price differ-
ences were also persistent - they were greater, in absolute value, than 1 Euro cent per MWh
for more than 89% of hours before the expansion.

The border between Spain and France is an interesting empirical setting to study impacts
of transmission investment not only due to the presence and degree of congestion both before
and after the line commissioning, but also due to the rich set of load, generation, market
and regulatory characteristics present. Typically, in connection to transmission investment,
we think about the need to connect a renewable rich area with a low demand level to a large
load center with a (relatively) low renewable generation potential, as is the case in Doshi
(2024) and Gonzales et al. (2023). In these cases, electricity trade and flows are mostly in
one direction - from the renewable rich area to the demand center. In contrast to this, trade
and thus congestion across the border between Spain and France change direction based

on demand and generation conditions following seasonal patterns. Both Spain and France

! 1t is difficult to determine whether an interconnection is operating at capacity just from quantity data,
because capacity oscillates a little bit all the time due to unobserved operational conditions.



have high demand levels. France has a very high share of, mostly nuclear, zero carbon
generation. Spain has had a large, and increasing share of, and even greater potential for,
solar and wind generation. Consequently, this would seem to offer large opportunities for
trade in low carbon electricity.

Using the time series variation in the data and a rich set of controls, I find that the hourly
absolute value of net flows, corresponding to trade volumes, across the Spain-France border
increased by 93%, or 912 MWh, within a year of the new line starting operations. The
increase in trade volume is equal to approximately 2%, and 1%, of highest peak (maximum)
hourly demand level in Spain, and France, respectively. Using the same approach, I find that
the hourly absolute value of price differences decreased by 5.25 Euros per MWh following
the line commissioning, from a baseline mean of slightly above 15 Euros per MWh. Based on
a back of the envelope calculation, the mean net hourly aggregate benefits of the increased
transmission capacity across the border are approximately 10,653 Euros, or 93 million Euros
a year. The line cost around 700 million Euros to build, and the estimated lifespan of a
transmission interconnection is measured in decades.

However, when it comes to transmission investment aggregate benefits might not give
us the whole picture regarding incentives to build a line. Any transmission line has two
ends. The aggregate benefits are the sum of benefits occurring at each end of the line.
Impacts of the increased interconnection capacity might not be distributed equally between
the two sides. If the new transmission line crosses any kind of administrative, regulatory, or
market border, it is almost inevitable that the size and type of impacts on each side of the
transmission line, or border, will differ. As a result, in aggregate, the parties at each end of
the line are likely to have different, or at least different levels of, interests in (not) building
the line.

Since a new line needs to be connected to the existing transmission network on each side
of the border, cooperation of transmission system operators (TSOs) and regulators on both
sides of the line is required to build a new interconnection. If most of the benefits occur

on one side of the border, then that side of the border has much higher incentives to build



the line. It is possible that, despite an aggregate welfare gain, the increased transmission
capacity causes a net welfare loss on one side of the border. In such case, one party might not
want to build the line at all. A well designed system of transfers could address the incentive
compatibility issues. However, to design those transfers, and to determine whether the
transfers are even needed, one needs to know the division of the benefits between the two
sides of the border.

The electricity system consists of multiple entities - consumers, or buyers of electricity in
wholesale markets, generators, and TSOs. Since increased interconnection capacity affects
market outcomes, all these different stakeholders are impacted (L. W. Davis et al., 2023).
For example, increased exports can lead to higher wholesale prices on the exporting side,
and lower prices on the importing side. Generators able to export more, and at higher
prices, will increase their profits, while generators on the importing side will see their profits
decrease due to lower prices and production levels. In this example, buyers on the exporting
side will lose from the line, while the buyers on the importing side will gain. Each of these
stakeholders has different interests in (not) constructing the transmission line.

While many of these stakeholders might not be directly participating in the decision
making process connected to construction of the new line, ample opportunities are available,
and have been utilized by incumbents, to delay and derail transmission projects through
lobbying and a lack of cooperation with parties which are part of the decision making, such
as different regulators, governments and government agencies (Borenstein & Kellogg, 2021;
Cicala, 2021; P. L. Joskow, 2020, 2021). Consequently, when evaluating the benefits of
transmission expansion and determining how to incentivize investment, the distribution of
impacts must be taken into account. What is the welfare distribution of impacts of the
increased transmission interconnection across the different stakeholders - consumers (buyer
expenditures), generators (profits), system operators (congestion revenue)?

The organization of European electricity system, markets and regulatory boundaries
largely, and in case of France and Spain exactly, follow national borders. Most importantly

for me, each country corresponds to one wholesale electricity market bidding zone, an area



with an equal wholesale electricity price. Consequently, unless noted otherwise, I use the
terms country, control area, price and bidding zone interchangeably. This alignment of insti-
tutional, administrative, and regulatory borders, combined with the data being at country
level, allows me to estimate the impacts of the new transmission interconnection at each
side of the border. I estimate the impacts of the new line on the different stakeholders in
each country utilizing data on load, day-ahead prices, and generation.

Using data on day ahead prices, realized load and generation, I find the expansion
of transmission capacity between Spain and France does not lead to statistically significant
changes in either buyer expenditures or generator profits in Spain. In contrast to that, buyer
expenditures and generator profits in France both increase following the line commissioning.
The changes in buyer expenditures and generator profits in France cancel each other out,
thus resulting in no aggregate welfare change in France. The two TSOs see a combined
increase in revenue resulting from trade across the border.

I demonstrate large aggregate net benefits, and returns, of the new interconnection
between Spain and France. Yet, I empirically show that aggregate benefits of transmission
investment do not necessary imply that all stakeholders benefit from the investment. French
electricity buyers, essentially consumers, are harmed by the new interconnection with Spain.
Furthermore, I show that impacts on two sides of the border can differ substantially. As a
result, when it comes to evaluating impacts of transmission investment, it is not sufficient
to look at aggregate impacts, as is commonly done. The distribution of impacts across
the various stakeholders must also be analyzed, and it might be the key to making the
transmission investment process more efficient.

I contribute to several strands of literature analyzing the electricity industry and markets.
Despite documented large benefits resulting from moving electricity production decisions
from command and control authorities governing small geographical areas to a market based
mechanism covering a large geographical area, in the US context, over 90% of electricity
consumed in the legacy control areas is still generated within their boundaries (Cicala, 2022).

The question whether congestion of transmission interconnections between the areas prevents



even greater benefits arises. Theoretical literature has shown that transmission congestion
enables generation, and in some instances load, to exercise market power, thus creating
incentives for these stakeholders to induce congestion (Borenstein et al., 2000; P. L. Joskow
& Tirole, 2000). A relatively small increase of transmission capacity can alleviate the market
power issues (Borenstein et al., 2000). Furthermore, ability of the TSOs to derive revenue
from congestion can lead to a withdrawal of transmission capacity and under-investment in
transmission infrastructure (P. Joskow & Tirole, 2005; Oggioni & Smeers, 2013).

Empirical literature has acknowledged, but largely excluded from analyses, the impor-
tance of transmission congestion in electricity markets (Cicala, 2022; Hortagsu & Puller,
2008; Sweeting, 2007). While a growing body of empirical literature has identified sub-
stantial anti-competitive behavior of generators during periods of congestion (L. Davis &
Hausman, 2016; Ryan, 2021; Wolak, 2015), the literature treats congestion and the transmis-
sion system as exogenous. Even though I do not explicitly model market conduct, I account
for impacts of the new transmission line on buyer welfare, because I am using wholesale
market prices, rather than commonly used generation cost, as monetary outcomes.

Impacts of transmission lines operating at capacity go beyond direct market outcomes.
There has been extensive discussion of insufficient transmission capacity limiting deploy-
ment, and production, of renewable resources, in particular wind and solar generation,
(Bloom et al., 2022; Borenstein & Kellogg, 2021; Cicala, 2021; Gonzales et al., 2023; Haus-
man, 2024; P. L. Joskow, 2020). Indeed, the empirical setting in the sparse existing literature
on empirical, ex-post impacts of transmission expansion has mostly been on interconnecting
renewable rich areas with large demand centers, in Texas (Doshi, 2024; Fell et al., 2021;
LaRiviere & Lyu, 2022), and in Chile (Gonzales et al., 2023). I account for market value of
impacts on carbon dioxide emissions, which are priced in generation bids and thus wholesale
market prices due to the presence of carbon dioxide emissions markets in Europe.

Impacts of transmission expansion are going to be significant as long as congestion was
present before the expansion, no matter what generation resources are involved. With

the exceptions of Hausman (2024) and Ryan (2021), there is a lack of investigation in
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empirical literature on how improved interconnection affects profits of incumbent generators.
In contrast to these two papers, which analyze impacts of potential, complete elimination
of congestion, I enumerate impacts of a realized change improvement in interconnection
capacity. Furthermore, my setting is much closer to a realistic investment scenario, because
congestion is only reduced, rather than completely eliminated.

My paper is the first to conduct an ex-post empirical investigation of transmission expan-
sion within continental Europe. The only other similar peer-reviewed study in the European
context is (Newbery et al., 2019), who analyze interconnection between continental Europe
and Great Britain. A largely simulation based, ex-ante, and illustrative engineering and
operations research literature studying the European transmission network and its expan-
sion, is more extensive (Bertsch et al., 2016; Di Cosmo et al., 2020; Dominguez et al., 2020;
Huppmann & Egerer, 2015; Oggioni & Smeers, 2013; Orgaz et al., 2019).

I also contribute to literature studying the Spanish electricity system and markets. There
is substantial research evaluating various effects of renewable generation (Cahana et al., 2022;
Ciarreta et al., 2020; Fabra & Imelda, 2023; Pena et al., 2022; Petersen et al., 2024), as well
as market conduct of Spanish power plants (Fabra & Imelda, 2023; Fabra & Reguant, 2014;
Reguant, 2014). However, with the exception of Costa-Campi et al. (2021), I am the only
one in economics investigating the Spanish transmission system. In addition, I am the first
to jointly empirically analyze the French and Spanish electricity systems in a comprehensive
manner using operational data.

2.1 Background
2.1.1 Industry Structure and Its History

Electricity systems in developed countries were built and conceived in an era when a
single vertically integrated entity built, owned and operated the electricity system - from
generation, transmission and distribution systems, to retail sales within a certain geograph-
ical area, known as a control area. A control area typically corresponded to a country in

Europe. Since utility companies developed, sited, usually constructed, owned, and operated

11



the transmission system and power plants, development of the entire system was in theory
part of a joint optimization problem of the same entity.

Utilities, private or government owned, mostly satisfied demand within their territory
with their own generation. Trade volumes between neighboring control areas were limited,
because potential cost savings from increased trade with neighboring control areas were not
substantially rewarded under regulation. Transmission interconnections between neighbor-
ing control areas were built to maintain system stability, rather than to facilitate large trade
volumes?. Most of the trade was based on long term bilateral agreements.

In Europe, as well as in the USA, the industry has undergone several substantial changes
that affect the transmission system - in particularly the cross-border interconnections. The
most important changes are a substantial vertical and horizontal restructuring of the in-
dustry, an increasing share of renewable generation, and a shift to a market based dispatch
system covering multiple control areas from a central command and control mechanism over
a single control area.

In what follows, I describe the industry restructuring in the European context, although
many of the principles are the same in the USA. The vertically integrated monopolies were
broken up into separate entities, with competition introduced at several levels. The newly
vertically separate companies must be “functionally” independent, in other words they can-
not coordinate their decisions even if they have the same owner. Electricity consumers can
freely choose their retail supplier. Retail suppliers buy electricity from generators, sell it
to, and bill, their customers for it3. Retailers must buy the correct amount of electricity to
meet demand of their customers or face fines otherwise.

Distribution system operators (DSO) own, maintain, and operate the vast majority, in
terms of distance, of electricity lines. All of the lines running alongside streets and directly

connecting to consumers are part of the distribution system. DSOs are also in charge of

2 In the USA, the only exception are lines built to bring power from very large generators, such as hydro
or nuclear plants, which were shared by multiple balancing authorities. I cannot think of such examples in
Europe.

3 In many instances, they sell other services to their customers - for example EV charging solutions.
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metering in most places. In the European context, all low and high voltage lines, essentially
anything below 110kV AC, are part of the distribution system. DSOs are regulated natural
monopolies within their areas.

The distribution system is connected to the electricity system through the very high
voltage transmission system. In the European context, the transmission system operator
(TSO) owns and operates the transmission system, as well as dispatches generation, balances
and maintains the reliability of the entire system. In comparison, the independent system
operator (ISO), consisting of multiple TSOs, operates the system in the USA. In order to
prevent the legacy utility companies from exercising market power by preferring their own
generators by either dispatching them more, or preventing access of generation entrants
to the transmission system, transmission was spun off into an functionally independent
company.

In most instances, T'SOs recoup the costs and returns allowed under regulation through
imposition of regulated surcharges on transmission customers (electricity consumers and
generators). Ownership of the TSOs in Europe varies from fully government owned, to
publicly listed companies. Each country in Europe, with the exception of Germany and
Austria, corresponds to a control area of one TSO?. Before restructuring, there were around
100 control areas, known as balancing authorities, in the USA.

Large generators directly connect to the transmission system. Generation competition
was introduced with the goal of achieving lower electricity prices. To foster the competition,
free entry of generators was allowed, conditional on ability to connect to the transmission
network. While there is free entry, generation in most European countries is still dominated
by so called “national champions,” or companies that took on generation portfolios of the
formerly vertically integrated utilities. An important aspect of the restructuring process for
transmission system development is that the decision on where and when to build power
plants and transmission lines is not controlled by the same entity.

Large generators, mainly fossil fuel coal and later natural gas power plants dominated

4 There are 4 large TSOs in Germany. There is one large and one small TSO in Austria.
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electricity generation in the not so distant past, with nuclear generation also playing a
major role. Generator locations and transmission system topology could be determined
in conjunction with each other, and with respect to locations of major demand centers
within the control area. In contrast to fuel being relatively easily deliverable to legacy
plants by rail, water, and pipelines, renewable generation resources, especially wind and
solar, must be built in areas which are suitable for them. Most areas with high potential for
renewable generation are in different locations than legacy generation and major load centers.
Consequently, a transmission system with a different topology is needed to accommodate

an electricity system with a large share of renewable generation.

2.1.2 Electricity Markets

The biggest change in electricity generation came from how generation dispatch, or
production, is determined. In the central command and dispatch system, the T'SO decided
the optimal generation allocation, considering both generation costs and grid operations.
Both the USA and Europe have been moving from the central command and dispatch
system to a system in which generation is determined based on outcomes in competitive
wholesale markets.

Wholesale electricity markets operate as second (or uniform) price auctions. Both gener-
ators, and load (buyers purchasing on behalf of their customers) submit price and quantity
pair bids to a centralized marketplace. Power plants are called upon to produce in ascending
order of their bids until demand and supply intersect. Due to the highly inelastic demand,
it is typical in the literature to consider demand to be fixed (see Section 2.2 for details).
The market clearing price received by all the dispatched generators is then equal to the cost
of meeting the next unit of demand.

The most consequential part of the shift to market based dispatch mechanism for oper-
ation of transmission systems comes not from the introduction of markets per se, but from
the geographical expansion of the area under the common dispatch mechanism. The switch

was accompanied by multiple control areas joining together to create common marketplaces
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Flow path 1

Trade

Flow path 2

Figure 2.1: Simple Network Illustration

spanning large geographical areas. For example, PJM Interconnection, the largest jointly
operated system in the USA, covers territory of 20 legacy transmission system operators,
spanning parts of 13 states and the District of Columbia. Today, all European Union coun-
tries are part of the same day ahead, as well as intraday market place®. France and Spain
have been part of a common day ahead market clearing since May 2014.

In terms of the spatial dimension, the area that is part of the single market is divided
into separate pricing locations. Market participants supply bids at the pricing location
corresponding to their physical location in the electricity system. Generators are paid, and
load pays, the prevailing price at the location where they inject electricity to, and withdraw
electricity from the grid, respectively. For example, in the 3 location, or node, network
diagram in Fig. 2.1, a generator at location 1 is always paid the price at, and can only inject
electricity at node 1, no matter where the electricity is consumed.

From a physics perspective, it is impossible to identify the source of each “electron”
consumed, and the destination of each “electron” produced. Consequently, only the net
position (generation minus demand) at each location matter. Continuing with the example

from above, assume that the generator at node 1 and a customer (load) at node 2 agree on

5 Cyprus is the only exception.
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a bilateral transaction. During operations, it will not be possible to determine whether the
actual electricity consumed by the customer at node 2 was produced by the generator at
node 1. Only the fact that they withdrew, and injected, the electricity, combined with their
locations, matters.

Electricity system operations, and flows, are governed by Kirchhoff’s Laws. Kirchhoff’s
Voltage Law implies that power traded between two nodes flows through all available paths
connecting the two nodes®. In the example above, the trade depicted by the red curve flows
through both blue curves - that is through the line directly connecting nodes 1 and 2, as well
as through the lines connecting nodes 1 and 3, and nodes 3 and 2. Kirchoff’s Current Law
states that supply and demand must be equal at every node. In other words, generation
plus imports must equal to load plus exports at every node. Since the balance holds at every
node of the network, generation equals load in the overall network.

The transmission system enters market clearing in the form of transmission constraints
on trade, or flow, volumes between locations. If there was infinite transmission capacity
between all nodes, then prices at all nodes would be the same. Generators from the entire
area that is part of the common market would be dispatched in the global ordering of their
bids from the cheapest to the most expensive. The ordering of generators from cheapest to
the most expensive is called merit order.

In reality, transmission constraints are frequently binding during market clearing. As-
sume that during market clearing in the example from Fig. 2.1, generator in the global merit
order that would be used to meet the next unit of load at node 2 is located at node 1. In
addition, assume that the transmission capacity of the line directly connecting nodes 1 and
2 is already fully utilized. Consequently, the generator at node 1 cannot be used to meet the
next unit of load at node 2. Similarly, a generator at node 3 cannot be dispatched to meet
the next unit of load at node 2, because the trade would need flow through the congested
line. Instead, a generator at node 2 will be used to meet the next unit of load at node 2.

Since the costs, in terms of bids, of meeting the next unit of demand at node 2 are higher

5 It states that the sum of voltage drops across all elements around any closed loop must equal zero.
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than at node 1, the market clearing price at node 2 will be higher than at node 1. A more
costly generator at node 2 must be dispatched because the transmission path from the lower
cost generator at node 1 is congested.

In mathematical terms, market clearing corresponds to global constrained cost mini-
mization to meet demand, where the constraints are that net balance of the entire system
must equal zero, and resulting flows through each transmission line must not exceed its
capacity. Since the flows are determined as a function of net balance at each node, the set
of constraints nests constraints on demand at each node being met.

The two most prevalent markets are the day-ahead, and real time markets (called intra-
day market in Europe). I am going to focus on day-ahead markets throughout my paper.
Day-ahead market clears a day before delivery - in Europe at noon for all time periods in the
next calendar date. The market time unit, or the time period over which the electricity in
bids is supplied (consumed), was equal to one hour during my period of analysis. Since then
some markets have shifted to 30 and 15 minute delivery frequencies. Generators, and load,
must supply, and withdraw, the quantities allocated to them in day ahead market clearing.
If a generator cannot supply its allocation, it can either purchase the power on the real time
markets, or face fines. Analogous principles apply to load. If the TSO cannot dispatch the
allocated quantity of a generator for any reason, it must compensate the generator for the
forgone profits.

It is important to note that the wholesale market price is not equal to the price final
electricity consumers pay. The final per unit of consumption price contains components in
the form of fees and surcharges, in addition to the pure cost of energy. For example, there are
transmission and distribution fees, used to compensate the T'SOs and DSOs for investment
into the grid and maintenance, the TSO is also compensated for various ancillary services
it procures, such as frequency and load balancing, to maintain grid stability. Furthermore,
most retail consumers enter into contracts with retail suppliers at negotiated prices for

energy, which typically would not equal the wholesale market prices.
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2.1.2.1 Distinction between Nodal and Zonal Markets

In nodal markets, common in the USA, each pricing or bidding location typically cor-
responds to a connection of the distribution system, or of large generators and load, to the
transmission system. All transmission lines enter as constraints in market clearing. Conse-
quently, the market outcomes convey accurate price signals of any transmission congestion
present. Any congestion happening on the distribution side of the system does not enter
market clearing. The example above, from Fig. 2.1, corresponds to a nodal market.

Europe uses a zonal market set up. In contrast to nodal markets, several transmission
nodes are grouped together to form one price or bidding zone. The transmission system
is also represented only by a subset of transmission lines. In zonal markets, only the net
position of the entire zone, rather than of each node within the zone, enters the market
clearing process. For example, let’s imagine that the the French zone consists of nodes 1
and 2 in Fig. 2.1, while node 3 is the Spanish zone. Since only the net position of the entire
zone enters market clearing, any internal trade within the French zone does not translate to
flows through any transmission lines in the market clearing process. In other words, during
market clearing, it would not play any role whether electricity is consumed (or generated)
at node 1 or 2, only the fact that it is consumed (or generated) in France would matter.

Consequently, there are no impacts of internal trade on transmission congestion, and
in particular on internal transmission congestion. Furthermore, during my analysis period
cross-border transmission capacity available to the market was represented only by a single
number, or one transmission line, rather than at individual line line . This accounting for
capacity is called net transfer capacity (NTC) market coupling. As a result, the actual
triangular network from Fig. 2.1 becomes a radial network, two zones (nodes) connected
by one line (path), in market clearing. Even though Europe has moved to using individual
cross-border, and some internal, lines in market clearing, only the net position of the entire
zone enters the process.

Zonal markets do not convey an accurate price signal for transmission congestion, because
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the actual dispatch must satisfy constraints of the nodal representation of the network. If
the zonal market outcome doesn’t satisfy these constraints, that is it cannot be dispatched,
the TSO must engage in so called redispatching to correct the dispatch. The TSO must
compensate the plants that were scheduled to generate under the market outcome but cannot
be called upon to generate due to network constraints. At the same time, the TSO must call
upon more expensive plants, that were not scheduled to produce under the market outcome,
to generate in order to satisfy demand.

While the fact that zonal market outcome does not follow physical, or nodal, network
constraints is a general problem of zonal markets, it is particularly pronounced in Europe.
A bidding zone in Europe corresponds to one country, with a few exceptions’. Yet, there is

no reason for congestion to follow national borders, which are administrative by nature.

2.1.3 Background on the Project and the Spain-France Interconnection

The journey to commissioning the high voltage direct current (HVDC) interconnection
between Baixas in France and Santa Llogaia in Spain was long and treacherous. Prior to
this interconnection, Spain and France were connected by 4 transmission lines, with the last
one, between the Arkale substation in Oyarzun, Spain and Argia in France, completed 1982
(Inelfe, 2011).

The economical and technical need to further bolster the transmission capacity between
the two countries had long been known, and widely acknowledged. Indeed, the interconnec-
tion between Spain and France has been included among priority energy corridors in the
European Union since the 1990s (European Commission, 1996). Several new transmission
interconnections, in varying stages of planning and construction, were abandoned in the
1990s (Francos et al., 2012; Sanchez Sanchez, 2016). A prime example is the 400kV alter-
nating current line between Aragon in Spain and Cazaril in France, which was unilaterally

canceled by the French government in 1996, despite over three quarters of the work on the

7 Ttaly has 6 bidding zones (there were changes in 2021). Sweden has four and Norway has five. Luxem-
bourg is part of the German zone. Austria used to be a part of the DE-LU bidding zone until October,
2021. Denmark has two bidding zones - one for Eastern Denmark, which is synchronized with the rest of
Scandinavia, and one for Western Denmark, which is synchronized with continental Europe.
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Spanish portion of project being completed at the time (European Commission, 1996; Red
Eléctrica de Espana, 1998). The cancellation led to renegotiation of long term power supply
contracts between France and Spain, as well as to large monetary compensation from the
French TSO to the Spanish TSO (Red Eléctrica de Espana, 1998, 2001).

The biggest obstacle to construction of new interconnections across the Spain-France
border was local opposition on both sides of the border (De Clercq, 2015; Euractiv, 2008).
There were large protests against the projects in the 1990s, especially in France (Lagendijk,
2015; Sanchez Sanchez, 2016). The opposition of local interest groups, trickled to opposition
by local and national governments, in particular in France, leading to stalling of the per-
mitting process, and of the projects in general (Boselli, 2008; European Commission, 1996;
Francos et al., 2012). While most of the opposition was, on paper, based on environmental
concerns, if one reads between the lines it is questionable how much of a role aesthetic con-
cerns, given the setting of Pyrenees Mountains, actually played (Euractiv, 2008; Sanchez
Séanchez, 2016). The opposition was fierce - for a example a Spanish citizen, Manuel Es-
cola Hernando, wrote in his 1998 letter to the European Commission that “[s|ince the early
1990s the inhabitants of Bal de Chistau, in the Aragon Pyrenees, have used every possible
legal argument in their fight against the construction of a high-tension power line between
France and Spain ... [ijn their efforts to protect what is virtually an unspoiled valley ...;” he
continued in the next paragraph “the local people fear that [the line| could jeopardize the
development of tourism in the area on account of the serious impact it would have on health
conditions, the environment and the landscape.” (European Commission, 1998).

Despite the insurmountable opposition to new overhead AC lines, plans of French and
Spanish TSOs for increasing the interconnection capacity, in various versions, called for con-
struction of new AC lines well into the early 2000s (Francos et al., 2012; Red Eléctrica de
Espana, 2001). The European Commission appointed the former EU Competition Com-
missioner Mario Monti to act as a mediator in the stalemate in September 2007 (Euractiv,
2008; Francos et al., 2012). The resulting efforts lead to a signing of a memorandum of

understanding between the French and Spanish governments to increase the cross-border
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transmission capacity in January 2008.

The Zaragoza Agreement, signed in June 2008, lead to creation of INELFE (INterconex-
ion ELéctrica Francia-Espana), a joint venture between the French, RTE, and Spanish, RED
Electrica (REE), TSOs, and to the selection of the HVDC interconnection between Baixas
and Santa Llogaia (Francos et al., 2012; Inelfe, 2011). The 64.5km long line is fully un-
derground, and largely follows pre-existing highway and railway corridors to minimize the
environmental impact (Inelfe, 2011; Red Eléctrica de Espana, 2025). The line also contains
an 8.5km long tunnel underneath the Albera massif. The interconnection consists of two
+320kV DC cables, with each having a capacity of 1,000MW. Focus on mitigating environ-
mental impacts, as well as on engagement with local stakeholders, during the construction
is mentioned throughout most official documents on the project (Inelfe, 2024; Red Eléctrica
de Espana, 2025).

The reported construction costs of the project were 700 million Euros, and they were
equally split between REE and RTE (De Clercq, 2015; de Ladoucette et al., 2015; Francos
et al., 2012; Wright, 2015). The European Commission awarded the interconnection status
of Project of Common Interest (PCI), thus making it eligible for fast-tracked permitting
process and EU funding. The interconnection received a 225 million Euro grant under the
European Energy Programme for Recovery from the EU, as well as a 350 million loan from
the European Investment Bank (European Investment Bank, 2011).

Initially, it was anticipated that the project would enter service in 2014 (European In-
vestment Bank, 2011; Inelfe, 2011). The project received the necessary permits at the end
of 2010 (Inelfe, 2024). Construction contracts were awarded in 2011, with work commencing
in early 2012. The construction phase was completed by the end 2014. The testing period
started in February 2015, and the anticipated start of commercial operation was set to June
2015 (De Clercq, 2015; European Investment Bank, 2015). However, the project did not

commence commercial operations until the 5th of October, 2015.
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2.2 Conceptual Impacts of Transmission Investment

Several features of electricity systems and markets enable me to illustrate conceptual
effects of expanding transmission capacity between two nodes using Fig. 2.2, under the
assumption that the demand and load are the same before and after the expansion. First,
power plants are dispatched and paid based on the day-ahead market outcomes in the order
of their bids. Since day-ahead markets in Spain and France are second price auctions with
a large number of participants, it is optimal for the power plants to bid marginal costs.
Consequently, the equilibrium price in each country corresponds to the marginal costs of
the power plant that is going to meet the next unit of demand in that country. Second,
since markets in the two countries are cleared jointly, the market clearing mechanism utilizes
all beneficial trade up to the transmission capacity. Third, generation must always equal
demand.

Fourth, retail consumers do not directly purchase electricity in the wholesale market, with
the exception of large industrial loads. They contract with utility companies, at negotiated
rates, who purchase the required amount of electricity on their behalf in wholesale markets.
As a result, it is better to refer to entities purchasing electricity in wholesale markets as
buyers of electricity, rather than as consumers. Furthermore, the buyers do not exert control
over consumption since that is determined by consumers. Combined with the fact that the
markets are second price auctions, these bidders bid their valuation.

Even though some large industrial loads might be more exposed to the wholesale mar-
ket, their technology frequently limits short term output adjustment, and thus adjustment
of electricity consumption. Consequently, in line with the majority of literature (Cicala,
2022; Doshi, 2024; Fabra & Reguant, 2014; Gonzales et al., 2023; Petersen et al., 2024), I
assume that in the short run demand is perfectly price inelastic and exogenous, and largely
determined based on observables such as weather, hour of the day, and day of the week.
Even in the span of a few years demand is likely to be relatively stable, conditional on

observables in the absence of significant change in technology or behavior.
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Figure 2.2: Impacts of Transmission Expansion

The two vertical axes in Fig. 2.2 represent per unit prices - for Spain on the left axis,
and for France on the right axis. The horizontal axis represents quantity at a given point in
time. Quantity is equal to zero for each country at the point where its respective vertical axis
interesects the horizontal axis. Quantity for Spain is increasing from left to right. Quantity
for France is increasing from right to left. The distance between the two y-axes equals to
combined demand of Spain and France. The red vertical line represents demand for Spain,
and France, denoted dgg, and drg, respectively. For simplicity, assume no trade with third
countries, thus:

dgs +drr = qEst + qrrt V1

Note that, electricity flow, f; ;, is a vector variable, so it has a directional component.
The first index, ¢, denotes the source of the flow, while the second index, j, denotes the
destination (or sink). Direction of flow then translates into sign of flow:

>0 ifflowisi —j

fijeq <0 if flowis j — i (2.1)

=0 if there is no flow

No matter what the flow direction is f; j+ = —fj-
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The black upward sloping curves represent marginal costs of generating electricity in
each country. Under autarky, prices would equal to intersections of the marginal cost curves
with the vertical red line, and generation in each country would be equal to its demand.
Let the transmission capacity between Spain and France at time ¢ be denoted by fg‘gﬁjp Rt
and the same for both directions, that is fglg} Rt = flf?}‘j-‘i’fE&t. The figure depicts a situation
when France has lower marginal cost than Spain, corresponding to summer months in real
life, so the flow is going to be from France to Spain, that is fgs rr: < 0 both before, ¢ = 0,
and after, ¢ = 1, the expansion.

The existing interconnection between Spain and France was operating at its capacity
before the expansion, that is frsrro = — f;;ng”% RO’ leading to different prices in France,
PFR,0, and in Spain, pgso. The before expansion equilibrium outcomes are denoted by the
green triangles in Fig. 2.2. Volume of trade, or flows, before the expansion is equal to the

distance between the red (demand) and the dashed vertical lines. The dashed vertical line

represents generation outcomes:
fES,FRt = qEst — dgs = drr — qQrRyt
Staying in line with the real world conditions across the border between Spain and
France, congestion is still present after the transmission capacity expansion:
fEsFr1 = —fESFR1 > fESFR1 > fESFRO » |fESFR1| > |fES FROI

Since the demand levels and marginal cost curves are the same before and after the expan-
sion, only the generation allocation, and consequently prices, change following the expansion.
French generation output and price increase following the expansion, while the Spanish gen-
eration and price decrease. The post-expansion equilibrium is represented by the green dots
in Fig. 2.2. Consequently, the price difference, in absolute value, between Spain and France
decreases:

qFR1 > qFR0 qes1 < 4ES,0

PFR1 > PFR,0 PES1 < PES,0

‘pFR,l - pEs,l\ < !pFR,o - pEs,ol
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The net aggregate benefits, or the net social welfare change, of the transmission expansion
are represented by the area of the magenta trapezoid, which is equal to the change in costs
of serving the combined load of the two countries. Since the market clearing prices are equal
to marginal costs, in the absence of cost data, the area can be approximated by using the

prices differences and flows before and after the transmission expansion:

A/S'_WF — ’pFR,O _pES,()’ ;— ’pFR,l — pES,l’ o

) (2.2)

(Ifes,pr1l — | fES.FRO

Note that this specification is applicable no matter what the flow direction prior to expansion
is, as long as the marginal costs curves and demands do not change in response to expansion

and prices.

2.2.1 Distribution of Transmission Investment Impacts

Since the demand is perfectly inelastic and retailers purchase electricity in wholesale mar-
kets, which they sell consumers under negotiated rates, the relevant measure of transmission
expansion impacts on the load, or consumer, side is the change in buyer expenditures. The
change in buyer surplus equals the negative value of the change in expenditures, because the
buyers prefer lower prices or decreased expenditures of serving load. The change in buyer

expenditures in node 7 is defined as:
ABE; = d; x (pi,1 — pio) (2.3)

The sign of change in buyer expenditures is the same as for change in prices. As a result,
Spanish buyers benefit from the expansion in this example, due to a decrease in price result-
ing in lower expenditures. To the contrary, French buyers lose from the investment, because
the increased transmission capacity between France and Spain causes higher prices, and
thus expenditures in France. Changes in expenditures of French, and Spanish, buyers are
of opposite direction and equal to the areas inside the orange, and blue dashed rectangles,
respectively, in Fig. 2.2.

Transmission investment affects generator profits in each country in two ways: by chang-

ing price, and quantity generated. The two changes go in the same direction within each
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country, affecting profits in the same direction. In the example depicted in Fig. 2.2, the
increased transmission capacity decreases generator profits in Spain, equal to the non-
crosshatched orange area, while increasing generator profits in France, equal to the blue
area, including the crosshatched area.

The net impact of the transmission expansion for each country across both buyers and
producers equals to the cross-hatched area, orange for Spain, and blue for France, in Fig. 2.2.
Since a decrease (negative change) in expenditures is a desired outcome for the buyers, the
net impact at node ¢ equals to the difference between changes in generator profits, Am;, and

buyer expenditures at that node:
ASWEF;, = Am; — ABE; (2.4)

In this example, the exporting French generators receive the French price, and the im-
porting Spanish buyers pay the Spanish price for the traded electricity. Since the two prices
are not equal during congested periods, the trade results in so called congestion revenue that

neither the French, nor the Spanish generators receive. Congestion revenue is defined as:

CREs,Frt = fES,FRt X (PFRt — DES,t) (2.5)

Note that in jointly cleared markets on a radial network, congestion revenue is always
positive, because the directions (signs) of flow and price difference are the same®. Congestion
revenue before, and after, the expansion is the area inside the teal dashed rectangle, and
teal shaded area, respectively, in the example in Fig. 2.2 . The sign of the change in
congestion revenue induced by transmission expansion is ambiguous, because flow increases,
while the price difference decreases. Congestion revenue, or the proceeds from sales of rights
to congestion revenue, is split between the two transmission system operators in a predefined
manner.

The aggregate net benefits of the transmission expansion between two places can then

be calculated as the sum of net impacts at the two affected nodes from Eq. 2.4 and the

8 In a non-radial network with loop flows, that is when there is more than one transmission path between
between any two nodes, the directions of price differences and flows between any two nodes might not be
the same.
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change in congestion revenue:

ASWF = (CRgs,rrq — CRES FR0) + Z ASW F;
ic{ES,FR}

= (CRgs,rr1 — CREs,FRO) + Z Am; — ABE;
i€{ES,FR}
Under the assumption that the marginal costs curves are locally linear, the net social welfare

change equals the approximation in Eq. 2.2.

2.3 Data

My main source of data is the European Network of Transmission System Operators in
Electricity Transparency Platform (ENTSO-E Transparency). A total of 40 TSOs, from 36
countries, including all TSOs from EU member countries, are ENTSO-E members?. The
Transparency Platform is a centralized data disclosure system mandated by EU legislation.
Transparency started operating on the 5th of January 2015. My primary data sample goes
from January 2015 to October 2016.

The data is published at the so called market time unit, that is at the same frequency at
which the electricity market is cleared. Day ahead markets in Spain and France operated at
an hourly frequency during my sample period. I utilize data aggregated at the control area
level, the territory of one TSO, which matches in case of France and Spain bidding (price)
zone, and country boundaries. Cross-border variables, such as physical flows, are reported
at the level of the border between areas of the same type. I convert quantity data, except
capacities, reported in megawatts to megawatt hours, so every observation corresponds to
energy over time rather than to instantaneous values. Further description of the data is in
Appendix A.

To extend the time-series of day-ahead prices and cross-border flows I use data from
IESOE, or Electricity Interconnection in South-Western Europe, an organization founded

by French, Spanish and Portuguese T'SOs to promote increased transmission capacity in the

9 National Grid, the TSO in the United Kingdom of Great Britian, was a member of ENTSO-E until
Brexit. SONI, the T'SO in Northern Ireland, is still a ENTSO-E member.
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region. Data from Transparency and IESOE match in nearly all instances when available
from both sources.

To control for weather related impacts on system operations, I obtained hourly mean
country level data from the EU Commission’s and ECMW'’s Copernicus Climate Change
Service (Copernicus Climate Change Service, 2020) 1. I use ambient air temperature,
rainfall, wind speed and solar radiation, the exact description is in Appendix A.

Natural gas and coal generators are very frequently marginal, or price setting, generators,
thus their input prices are going to have substantial impact on market outcomes, especially
prices. To control for exogenous changes input prices, I use natural gas and coal price indexes
obtained from Bloomberg. I use a day-ahead price index for natural gas, and a month ahead
price index for coal. While the generators might purchase fuel through long term contracts
and hedge fuel prices, generators can at any time trade fuel in the short term markets. Thus
the short term prices represent the opportunity cost of the fuel, the economically relevant
price, at the time the generation decision. Natural gas and coal price indexes are frequently
used to proxy for fuel prices in literature when plant level cost data is not available (Cicala,
2022; Doshi, 2024; Fabra & Reguant, 2014; Gonzales et al., 2023; Petersen et al., 2024).

For natural gas prices, I use the European Energy Exchange (EEX) PEGAS exchange
day-ahead price index, which prices natural gas at the Title Transfer Facility (TTF) Virtual
Trading Point in the Netherlands. I utilize the Bloomberg OECM API2 month ahead coal
price index to proxy for coal prices, which is based on the Argus/McCloskey’s Coal API2
Price Index, the primary price reference for physical and over-the-counter coal contracts
in northwest Europe. Further details about the construction of fossil fuel prices are in

Appendix A.1.

2.3.1 Sample Specification

The complexity of electricity system operations makes the selection of the data sampling

window, or the time span of data, used for estimation an important, albeit challenging,

10 Neither the European Commission nor ECMWF is responsible for any use that may be made of the
Copernicus information or data it contains.
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exercise. The estimates cannot be confounded by coincident events. At the same time, the
data must have sufficient variation in system conditions and operations, both before and
after the line enters service, to capture the effect of transmission investment.

While a very narrow sampling window around the date of line commissioning can elim-
inate impacts of longer term coincident changes, even a very short term event, such as a
sudden transmission line outage, or a change in weather, can cause a significant deviation
from typical system operations and thus confound the estimates. In addition, the transmis-
sion line comes into service in the beginning of October, a time of mild weather and thus,
compared to summer and winter, lower demand. Due to the typically highly increasing
slope of marginal cost of electricity generation in quantity generated!! and more frequent
congestion, effects of the new transmission line are likely to be largest during times of high
demand (Wolak, 2015).

A slightly extended window would capture operations in the summer and winter peaks,
as well as during milder fall. However, load and generation patterns within a day differ a
lot between summer and winter for each country. Unobserved generation availability can
also vary a lot between seasons. While the weather controls dampen the bias from seasonal
changes coincident with treatment, they do not completely eliminate it.

Seasonal changes tend to average out in a sample with a longer time span. At a same
time, a wide sampling window is more likely to contain other significant long term changes,
such as further transmission improvements, generator retirement, or new generation coming
online. Combined with the fact that most data is only available from January 2015, I define
the main analysis sample as starting in January 2015, and ending on the 4th of October
2016 - a year after the transmission line became operational.

The new interconnection between Spain and France started operations on the 5th of
October, 2015. However, transmission capacity was increased gradually over a span of
several weeks, rather than made available to the market immediately. Testing, maintenance

and preparation work were conducted in the weeks before, and to some extent after, the

11 Marginal costs of electricity generation are highly convex in quantity.
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line commissioning. I utilize a donut hole around the commissioning date to avoid bias
from the capacity being artificially low right around line commissioning compared to normal
operations. In my main specification, I exclude 30 days on each side of treatment from
the sample. The pre expansion part is thus 2015/01/01 through 2015/09/04, and the post
expansion part contains data from 2015/11/04 to 2016,/10/04.

There is also a significant difference in electricity demand, generation, and price levels and
patterns between weekdays and weekends. The electricity system, and thus the grid overall,
is under much more strain during weekdays than on weekends due to higher demand. As a
result, congestion is more costly during weekdays. To control for this, I only use weekdays
in my analysis.

2.3.2 Data Summary and Patterns

2.3.2.1 Electricity Prices and Price Differences

The French and Spanish day ahead electricity markets have been coupled (or integrated)
since May 2014. In other words, the French and Spanish price zones have been jointly
cleared as a part of the same market clearing mechanism since then. The market clearing
mechanisms exploits all feasible and beneficial trade opportunities between the two coun-
tries. Furthermore, large volumes of electricity are traded in the day ahead market in both
countries. Consequently, I use the day-ahead prices as the relevant prices throughout the
paper. The day ahead market clears at noon Central European Time for each hour of the
following date.

I present summary statistics of day ahead prices in France and Spain, and of day ahead
price differences for my preferred analysis sample in Table 2.1. Since the new transmission
line started operations on the 5th of October, 2015, I define the pre, and post expansion
sample periods as 2015/01/01 - 2015/09/04, and 2015/11/04 - 2016/10/04, respectively (see
Section 2.3.1 for further details). Summary statistics at annual level for 2014 through 2016,
as well as broken down by the Cartesian product of pre and post line commissioning with

calendar year are in Table C.2 in Appendix C.

30



Table 2.1: Summary Statistics for Flows and Prices

Variable Period Mean Sd Percentile
1st 10th 50th  90th  99th

Prices [EUR/MWh]

PES,t Pre 52.49 1194 20.00 36.59 53.75 66.60 71.66
PES,t Post  39.65 12.60 850 22.69 40.11 56.70 68.98
PFRyt Pre 41.07 12.05 15.01 2494 41.60 5547 69.94
PFRt Post  33.43 11.11 10.06 21.39 3250 46.99 65.79

Price Differences [EUR/MWH|
PFR,t — PES;t Pre -11.44 1430 -37.40 -2794 -14.02 7.25 24.63
prR: —pEs:  Post 623 977 -30.63 -19.61 -4.48 231 17.68

lprrt — pES: ~ Pre 1515 1029 0 0 15.84 28.23 37.76
lpFRt — PESt|  Post 821 817 0 0 6.57 20.07 31.14
Cross-border Flows [MWh]|

fESFR Pre  -585 795 -1,314 -1216 -964 982 1,124
fES.FRt Post  -1,132 1,494 -2830 -2,575 -1,667 1,638 2,429
|fES,FR. Pre 937 311 55 387 1,028 1,216 1,314
\fEs.FRl Post 1,726 731 38 591 1,877 2,584 2,838

Data for 2014 is from IESOE, data from 2015 onward is from ENTSO-E Transparency. Observa-
tions are for weekdays at hourly level.

The time periods for Pre/Post expansion align with my main analysis sample, and are defined as:
Pre is 2015/01/01 - 2015/09/04, Post is 2015/11/04 - 2016/10/04, see Section 2.3.1 for further
details.

Overall, French day-ahead electricity prices were lower than Spanish, defined as
L (prrt — PESt < —0.01), specifically during 72%, and 61% of hours before, and after line
commissioning, respectively, as shown in the second column of Table 2.2. Day-ahead prices
in Spain and France converged, that is they were within less than 1 cent of each other,
during 11%, and 26%, of hours in the pre, and post expansion samples, respectively (31%
in 2016 overall). The increased price convergence following the expansion, and France being
cheaper in general, is also evident in price differences, shown in Table 2.1. Mean and median
hourly price differences are both negative at all times. The mean price differences were -
11.44 EUR/MWh (median -14.02 EUR/MWh) before the line started operating, and -6.23
EUR/MWh (median -4.48 EUR/MWh) afterwards.

However, raw price differences can lead to a false perception that the price differences

are low if both negative and positive price differences are observed. Electricity is cheaper in
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Spain than in France approximately 15% of the time. The important factor is the existence
of a price difference and its magnitude, rather than its sign. Consequently, the absolute value
of price differences is a better measure than the raw value. The mean hourly absolute price
difference was 15.15, and 8.21 Euros per MWh, before, and after the transmission expansion,
respectively, (medians were 15.84, and 6.57 EUR/MWh). For reference, the pre, and post
expansion mean day-ahead prices in Spain were 52.49, and 39.65 EUR/MWHh, respectively,
and 41.07, and 33.43 EUR/MWHh, respectively, in France.

In summary, there are large day-ahead wholesale electricity price differences across the
border between Spain and France. The price differences are in particular large in comparison
to prices in both countries - the mean absolute price difference before expansion is 28.9% of
mean pre-expansion Spanish price, and 36.9% of French price'?. The difference in prices is
not driven by a few hours with particularly large magnitudes - the 99th percentile of absolute
price difference was 37.76, and 31.14 EUR/MWh, pre, and post expansion, respectively. The
price difference between Spain and France is also present during vast majority of hours, and
persistently large. Consequently, there is strong suggestive evidence for large aggregate
benefits from increased cross-border electricity trade across the border between Spain and

France.

2.3.2.2 Cross-border Physical Flows

Realized hourly net cross-border physical flows provide an accurate representation of
trade volumes across the border between Spain and France. Price differences between two
price zones with jointly cleared markets exist only when the transmission path between the
two locations is congested - in other words, as long as the transmission capacity along at
least one path between the two price zones is fully utilized. In general, in the presence of
multiple physical paths between two locations, known as loop flows, any line, along any path
between the two places, rather than just the line directly connecting them, can constrain

trade during market clearing.

12 Calculating summary statistics for relative price difference is challenging due to presence of 0 and close
to zero prices.
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Table 2.2: Summary Statistics for Direction of Flows and Prices

Period Mean
1 (Prices Converged) 1 (FR Cheaper) 1 (Flow to ES) 1 (Dir. Aligned)

Calendar Year:

2014 0.06 0.64 0.67 0.95
2015 0.14 0.73 0.80 0.99
2016 0.32 0.49 0.69 0.99
Pre/Post Expansion:

Pre 0.11 0.72 0.78 0.99
Post 0.26 0.61 0.79 0.99

Data for 2014 is from IESOE, data from 2015 onward is from ENTSO-E Transparency. Observations
are for weekdays at hourly level.

I define the columns as 1 (Prices Converged) = 1 (|prr,;t —pes:| <0.01) , 1(FR Cheaper) =
1(prrt —pes: < —0.01) , 1(Flow to ES) = 1(fes,rr:<0) , and 1 (Directions Aligned) :=
1(lprr,: — pES,t| < 0.01V sqn (prr,t — PES) = sgn (fes,Fr,)). That is the flow and price difference
have the correct direction (or are aligned) when either the prices have converged, since then flow can go
in either direction, or when flow and price difference have the same sign. The denominator for the last
column is the number of observations for which either prices have converged, or both price difference
and flows are not missing.

The time periods for Pre/Post expansion align with my main analysis sample, and are defined as: Pre
is 2015/01/01 - 2015/09/04, Post is 2015/11/04 - 2016/10/04, see Section 2.3.1 for further details.

In 2014, the vast majority of misalignment occurs prior to May, that is during the time when the two
price zones were not jointly cleared.

Trade between Spain and France does not involve loop flows. First, all transmission paths
between Spain and France go directly across the border between them. Second, due to the
nature of zonal market set-up used in Europe the cross-border, or cross-zone, net flow is
determined as the aggregate flow across all transmission lines across the border, directions,
and measurement sub-intervals. As a result, the net cross-border flows between the two
countries correspond to trade volumes. Net flow, frg Fr;, is considered to be positive if it
is from Spain to France and negative otherwise, as defined in Eq. 2.1. Further details on
how I construct the net flows from the raw data are in Appendix A.

Electricity flowed from France to Spain at least 78% of hours in my main analysis sample,
and at least 67% of time at annual level between 2014 and 2016, as reported in the third
column of Table 2.2, leaving a substantial amount of time when flows were positive - or
from Spain to France. Consequently, similarly to price differences, the absolute value of

net cross-border physical flows is a better measure of cross-border trade volumes than flows
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per se. Mean absolute hourly flows before the expansion, reported in Table 2.1, were 937
MWh. There was a large increase in absolute cross-border trade volumes following the line
commissioning, with the mean increasing to 1,726 MWh in each hour.

The change in the tails of the hourly net physical flows across the border provides a good
proxy for impact of the new line on the cross-border transmission capacity!®>. Assuming
that transmission capacity is the same in both directions, the increase of the 99th percentile
of hourly absolute flows from 1,314, to 2,838 MWh suggested that the capacity more than
doubled after the expansion. Tails of the (raw) net physical flows distribution proxy direction
specific capacities. The first percentile of the hourly net flow distribution, a proxy for France
to Spain capacity, decreased from -1,313 MWh to -2,830 MWh following the expansion, and
to -3,267 MWh in 2016 overall. The transmission capacity from Spain to France appears to
increase as well, with 99th percentile increasing from 1,124 to 2,429 MWh. The approximate
doubling of capacity and flows, and the lower capacity for the Spain to France direction,
match ex-ante predictions of the two TSOs.

Given the zonal electricity markets and the lack of loop flows for trade between Spain
and France, the flow and price direction alignment measures how well the trade implied
by day-ahead market outcomes aligns with realized flow, or trade. I define the state of

alignment as:

1 (Directions Aligned) =1 (|pFR,t — pES,t| < 0.01V sqn (pFR,t — pES,t) = sgn (fES,FR,t))

The net cross border physical flow and the day ahead price difference have the correct
directions (or are aligned) when either the prices have converged, since then flow can go in
either direction, or when flow and price difference have the same sign. The fourth column in
Tables 2.2 and C.3 shows that flow and day-ahead price difference directions are aligned in

at least 99% of hours in all sample definitions for 2015 and afterwards!4. When comparing

13 1 use the tails, rather than the minimum and maximum, to proxy for the capacity of the transmission
interconnection. Capacity of a transmission line can vary even within a very short time period, because it
is dependent on environmental factors, operational and system conditions. An equipment outage can cause
transmission capacity to decrease. Capacity also tends to be lower during extremely hot periods. A line
might also be operated over its capacity rating during short periods of time.

14 In 2014, the vast majority of misalignment occurs prior to May, that is during the time when the two
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the difference of columns 2 and 3 in Table 2.2, which is equal to the share of time when
flows were from France to Spain and France was not cheaper, to column 1, the share of time
when prices were the same, one sees that France was exporting to Spain during the majority

of time when prices were equal.

2.3.2.3 Demand and Production Data

I use the actual total load reported in Transparency for load, or demand. It is defined
as net generation minus balance with neighboring areas (imports minus exports), minus
absorbed (stored) energy for the given area and hour. Net generation is the generation
output of all generators in the area minus any consumption by these generators. Note that
net load includes any transmission and system losses.

For production, or generation, data I utilize net generation from Transparency for a given
area and time period aggregated at the level of 16 production types. A production type is
the source of energy, or fuel, used for generation. Net generation, in this case, is equal to
net output generators are feeding into the transmission system. That is the gross generation
output minus any energy consumed by the generators. In contrast to construction of net
load data, electricity used for storing energy is included in generators’ consumption. If a
generator is a net consumer, I define its net generation to be negative. To create country level
net generation, I sum generation and consumption for all production types in a given hour
and then subtract the resulting consumption from generation. I include further description

of how I construct generation and load data in Appendix A.
2.4 Empirical Strategy

I utilize the high frequency time series variation in the data, combined with a rich set
of controls to estimate a range of impacts of the new transmission line between Spain and
France. My outcomes of interests can be split into two groups - country level, and border

level - based on the unit of observations. The specification for estimating effects on cross-

price zones were not jointly cleared.
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border outcomes is:

yt = P11 (t > 2015-10-05) + B2 Dpst + f3Drrt + apsXEst + arrX PRy
(2.6)
+ 11 PCoalgyy + v2PGasggy + houry + dow + &4

where: t denotes date-hour, d(t) is the date component of ¢, y; is the outcome of interest,
1 (¢t > 2015-10-05) is an indicator variable for post line commissioning, D;; is demand in
country ¢ at time ¢, Xj; is a vector of weather controls, PCoalg), and PGasy;) are the
coal, and natural gas price indexes, respectively for date d(t); hours, and dow; are the hour
of day, and day of the week fixed effects, respectively, and ¢; is the unobserved heterogeneity.
The parameter of interest is (1, which represents the change in y; after commissioning of
the new transmission line.

I analyze three cross-border outcomes - absolute value of net flow across the border,
| fEs,FRr.t|, absolute value of day ahead price difference between the two countries
|pFRr+t — PES:t|, and congestion revenue, as defined in Eq. 2.5.

Recall that flow is vector variable - it represents the volume of electricity flowing across
the border, as well as the direction. For a given set of system conditions in a radial network,
transmission expansion does not affect direction of trade, only the magnitude. A seasonal
change of trade direction coincident with line opening, would bias the estimate of line opening
on flows towards zero. The absolute value of flows is thus the relevant outcome to measure
impacts of the reinforced transmission interconnection on trade volumes between the two
countries.

Price difference measures the distance between marginal costs in the two countries. A
large difference in marginal costs implies inefficient allocation of generation. The price
difference corresponds to per unit cost of the inefficiency. Similarly to flows, any coincident
changes in direction of price differences biases the estimate. Thus, the absolute value of
price differences is the relevant outcome.

I control for demand in each country. Load levels indicate the level of strain the grid is
under in each country. Furthermore, since the prices and generation quantities are deter-

mined as the intersection of demand with the marginal cost curve, demand proxies for the
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position on the marginal cost curve in each country under autarky.

Natural gas and coal power plants are most likely to be the marginal, or price setting,
generators during the time period under study. Changes in coal and gas prices then affect
wholesale market prices, and thus opportunities for trade. Controlling for fuel input prices
disentangles coincident changes in fuel prices from the effects of the new line being brought
into service. Note that since natural gas and coal prices are set at a global level, commission-
ing of these new electricity transmission interconnections cannot influence fuel prices. Fossil
fuel prices nearly always impact marginal costs of electricity generation, and thus wholesale
prices and flows.

Electricity demand and other system operating conditions have a significant and per-
sistent pattern, and large variation, over time. For example, demand is typically very low
during the night and it rapidly increases in the early morning. Friday might see a decrease
in industrial load earlier than on other weekdays. I include an hour of day fixed effects, hod,
and day of the week, dow, fixed effects, to account for the within day, and between days
patterns and variation, respectively.

Weather has a large impact on nearly all parts of the electricity system. Demand is
high during very hot (cold) days due to high air conditioning (heating) load. Cooling
of thermal generators is more challenging on hot days, thus reducing generation capacity.
Coal piles can freeze during cold spells. Solar generation is dependent on sun shine. Very
high temperatures can lead to transmission lines sagging, equipment overheating, and thus
reducing transmission capacity. I control for weather in Eq. 2.6 using:

;X = apnTempy + apTemp?, + agzRaing + auuTempy x Raing+
+ aisTemp? x Raing + oigRain24hi; + iy Wind10m+ (2.7)

+ OéigWindloomit + OéigGHIit

All of the weather controls are mean values for country 7 at date-hour t. Temp;; is tem-
perature in degrees Celsius. I also control for squared temperature, because a change in

temperature is going to have a greater impact during already hot or cold weather, than
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during mild days. I control for hourly rainfall accumulation using Rain. On one hand,
rain can have a cooling effect, especially since it is correlated with cloudy weather. On the
other hand, rain is going to increase the amount of moisture in the air, and thus humidity.
Heating is less energy intensive during humid weather, while air conditioning is more energy
intensive. I interact the hourly rainfall with temperature, and temperature squared to proxy
evaporation and humidity, as well as to account for the interaction of humidity and temper-
ature. I also include rain accumulation over the last 24 hours in millimeters, represented by
Rain24h, to account for a broader stock of moisture.

Wind and solar generation output is highly dependent on weather. Wind and solar gen-
eration have a significant impact on prices, and thus trade, because they have close to zero
marginal cost. The line starts operating in October, so I need to isolate any coincidental
impacts of weather patterns from the impact of the transmission project on wind and solar
generation. Transmission expansion can affect production of wind and solar resources, how-
ever, holding generation capacity constant, it is not going to affect the potential renewable
output. I control for wind speed at 10, and 100 meters above ground using Windl10m,
and Wind100m, respectively. To account for potential solar generation, I control for global
horizontal irradiance, GHI, or solar radiation. I describe the weather data in more detail
in Appendix A.

To obtain impacts of the transmission expansion on country level outcomes, such as
buyer expenditures and generator profits, I estimate following regression separately for each

country :

yir = f11 (t > 2015-10-05) + Bo Dy + a X + 71PCoald(t)+
(2.8)
+y2PGasgyy + houry + dow + €4

The only difference between this specification and the one in Eq. 2.6 for cross-border out-
comes is that I do not control for weather and load in the other country here. Note that
when [ estimate impacts on buyer expenditures, I do not include the load, D;;, as a control
because it appears on the left hand side. When estimating the nominal, and relative effect on

buyer expenditures, I define the outcome as y;; = Djpir, and y;; = log (Dipit), respectively.
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2.4.1 Estimating Impacts on Generator Profits

In the absence of detailed cost data, I can neither directly calculate generator profits, nor
directly estimate impacts of the transmission investment on generator profits. However, I can
estimate bounds on changes in generator profits by using features of the electricity system
and markets operations, described in Section 2.2, weak assumptions, and by decomposing

changes in generator revenues.

2.4.1.1 Derivation of Bounds on Generator Profits Changes

First, generation and load must always match exactly in the entire interconnected system,
and there must always be a feasible transmission path between generation and load. Second,
assume that trade with 3rd countries does not change significantly after line commissioning.
Third, assume that, given weather, generation technology and generator availability do not
change following the line commissioning. Hence, absent changes in fuel prices, the marginal
cost curves in both countries remain unchanged after the transmission line commissioning.
Consequently, for the same demand, weather, and fuel prices before and after the expan-
sion, the increased transmission capacity only impacts how the, unchanged, total quantity
generated is split between the two countries.

If there was no congestion before the line started operating, under the assumptions
above, generation allocation and prices remain unchanged after the expansion. If congestion
was present before line commissioning, the unchanged marginal cost curves imply that the
interconnection reinforcement must increase the magnitude of flows, and that flow direction
is not impacted. The cheaper region exports, and generates, more after the expansion.
Generations decreases in the importing region after line commissioning due to increased

imports. In the setting depicted in Fig. 2.2 this is equivalent to:

qrFr1 > qrro and  qesi < qES

I decompose the observed change in revenue due to transmission expansion into changes
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in quantities and prices in two ways:
AR; = qip (pin — pio) + pia (6,1 — Gi0) (2.9)

AR; = q;1 (pia —pio) +Pio (€61 — ¢ip0) (2.10)

The change in profits for Spain, and France, is equal to the orange, and blue area, respectively
in Fig. 2.3.

I use the decomposition in Eq. 2.9 to derive the lower bound on changes in profits. The
first term in Eq. 2.9 holds the quantity generated fixed at the pre-expansion level and it
assumes only prices change. It equals the area inside the orange dotted, and blue dashed-
dotted rectangle in Fig. 2.3a, for Spain, and for France, respectively. The second term holds
the price fixed at the post expansion level and assumes that only quantities change. It is
depicted by the area inside the dark red rectangle for Spain, and by the light blue dotted

area for France. The first term in Eq. 2.9 is the lower bound on changes in profits:
AP = i (pi1 — pio) (2.11)

The time periods at which the quantity and price are held fixed are reversed in Eq. 2.10.

The first term in Eq. 2.10 equals the upper bound on changes in profits:
AP = giy (piy — pio) (2.12)

The upper bounds for Spain, and France are equal to the areas inside the orange dotted,
and blue dashed-dotted rectangles in Fig. 2.3b, respectively. The areas inside the dark red
dashed, and blue dotted rectangles represent the remaining parts of revenue changes in
Spain, and France, respectively.

The derivation showing that Eq. 2.9 is the lower bound follows. Decomposing the change

in profits into changes in revenues and cost, and using the revenue change decomposition in
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Figure 2.3: Impacts of Transmission Expansion on Generation Profits
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Eq. 2.9:

AT = qio (pi,1 — i) + Pit (6,1 — Gi0) — Ci(qi1) + Cilgi0)

qi,1
= qi0 (Pi,1 — Pio) — MCi(q) — pipdg
pEAE 4o ' ' (2.13)
LB Qi,l
= Am;" — MC;i(q) — pindg
qi,O

Given that equilibrium price is equal to the marginal cost of the most expensive generators:

pit > MCi(q) vV q<qiy

pit <MCi(q) VYV q>qis
Since, for a given system state, the directions of changes in quantity generated and prices
due to transmission expansion in each country are known, for the importing country (Spain

in the example):

qes1 < 4egso —

4dES,1
/ MCls(q) —ppsadg <0 —>
q

ES,0 ~~
>0V ¢>qEs1

Arps > Akl

and for the exporting country (France in the example):

dqFR,1 > qQFRO —

4qFR,1
/ MCrr(q) —prr1dg <0 =

dFR,0

<0V q<qrRr;1

Anpr > Awﬁg

The lower bound on profit change in the importing location contains the orange lined
triangle in Fig. 2.3a, with its area equal to the the integral in Eq. 2.13, which was part of
costs rather than profits before the expansion.

The lower bound on change in profits of the exporting region does not contain the blue

lined triangle in Fig. 2.3a, with area equal the negative value of the integral Eq. 2.13.
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The derivation for the upper bound is in Appendix B. Intuitively, the bound for Spain
does not contain orange lined area in Fig. 2.3b, which is part of changes in profits. The

upper bound for France contains the blue lined area, in addition to changes in profits.

2.4.1.2 Estimation of Bounds on Generator Profits Changes

Let q?t, and qz-lt, denote the counterfactual quantity that would be generated in country
i at time t, if there were not, and were, respectively, transmission expansion at time ¢.
For now, assume that I know the counterfactual quantities. I estimate the following two
regressions for each country i:
@i = BEP1 (> 2015-10-05) + B¥P Dy + BYPD_it + P X; (2.14)
+ ’YILBPCOU,ld(t) + ’VQLBPGasd(t) + hourtLB + dothB + Ef;B
aipie = VB (t > 2015-10-05) + BYP Dy + BYPD_4y + VB X; (2.15)

+ 'y{]BPCoald(t) + vgBPGasd(t) + hour?? + dow{ P 4 5P

These equations include the term D_;;, representing load of the other country, on the right
hand side in addition to the right hand side of Eq. 2.8 for general country level outcomes.
Load of the other country is included, because it influences imports and exports, and thus
quantities and prices. By definition, the transmission expansion is not going to affect the
counterfactual quantities. Therefore, the regressions for country ¢ yield the bounds on profit

changes in country ¢ as defined in Egs. 2.11 and 2.12:
LB _ B [Arl?]

{JB:E[AWZUB]

Since, holding everything else constant, the expansion only affects how generation in each
country responds to changes in load in both countries, I obtain the counterfactual quantities
generated using the following regression for each country i:

qit = P1Posty + PaDiy + B3 D—it + BaPosty x Dy + BsPosty x D_j+

(2.16)
+ aX; + ’}/1PCOald(t) + ’YgPGan(t) + houry + dow; + €44
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where Post; = 1(t > 2015-10-05), everything else is the same as before. I calculate the
counterfactual quantities used in Eqs. 2.14 and 2.15 as fitted values with Post; set to the
appropriate value.

I set Post; = 0 for all times ¢ to obtain q?t, the counterfactual quantity that would be

generated in country ¢ at time ¢, if there was no transmission expansion at time ¢:
@S = B2Di + BsD_yy + Xyt + Y1 PCoal ) + Y2 PGas gy + houry + dow,

Similarly, I obtain ¢}, the counterfactual quantity that would be generated in country i at

time t, if there was transmission expansion at time t by setting Post; = 1 for all times ¢:

=B+ (32 + 5A4> Di: + (53 + 55) D_i+aXi+yPCoalyqy +y2PGasyy + hour, +dow,
2.5 Results

The effect of the new transmission line on the absolute value of hourly net cross-border
physical flows, denoted |fgps rrt|, estimated using the specification in Eq. 2.6, is shown
in Table 2.3. Physical flows, frs rgr:, measure the realized net trade direction, and the
net trade volume between Spain and France. Flows across the border regularly switch
direction, and there is no theoretical reason, given the zonal markets, for the increased
transmission capacity to affect flow direction. Consequently, the relevant measure of trade
volumes between the two countries is the absolute value of net cross-border physical flows.

Panel A of Table 2.3 shows the nominal effects. I prefer the estimate from column 6 -
with a sampling window from the 1st of January 2015, to the 4th of October, 2015, and
a 30 day donut window on each side of treatment (a total of 60 days excluded), details
regarding preferred sample selection are in Section 2.3.1. The coefficient shows that the
increased transmission capacity between Spain and France results in 912 MWh (Megawatt-
hour) increase in absolute flows across the border for any given hour. That represents a
significant increase in flows compared to the pre-expansion baseline absolute hourly flows
of approximately 1,000 MWh. I report Driscoll-Kraay standard errors using 6 lags at daily

(date) level in parentheses. Driscoll-Kraay standard errors allow me to control for both
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within day (between hours of the day) and across days (auto-correlation) correlation of
residuals.

The 912 MWh increase in absolute flows represents about 3.3%, and 1.8%, of mean
hourly load in Spain, and France, respectively. The annual peak (maximum) hourly load in
Spain, and France, is on the order of 40,000 MWh, and 90,000 MWh, respectively. Thus,
the coefficient equals to approximately 2.5%, and 1.1% of Spanish, and French peak load,
respectively. While these numbers might appear small, one must keep in mind that marginal
cost curves tend to be very steep at periods of very high demand.

To put the increase in flows into further perspective, in Spain the aggregate mean, and
peak, hourly generation in 2015 from natural gas amounted to approximately 5,500 MWh,
and 10,700 MWh, respectively, and from hard coal to 5,500 MWh, and 8,100 MWh, respec-
tively. In France, the mean hourly generation from natural gas, and hard coal, was in the
order 3,000 MWh, and 1,100 MWh, with peaks of 7,500 MWh, and 3,300 MWh, respectively.
Because these resources are most likely to be marginal (price setting) generators, and thus
displaced by imports, at any given time, the 912 MWh increase in flows across the border
is substantial.

I also presents results with two additional sampling windows - 180 days (columns 1 and
2), and 9 months (columns 3 and 4). The length of the sampling window corresponds to
the amount of time on each side of treatment date. For each sampling window, I present
results for two donut windows, the number of days excluded from analysis on each side of
the line commissioning date - the full sample (the full window is used), and for a 30 day
donut window (a total of 60 days excluded). In general, the coefficients for different sampling
windows are quantitatively similar for a given donut hole. Results with different donut holes
become closer as the overall sample window increases. The estimated impacts range from
912 MWh (1 year window, col. 6) to 1,111 MWh (180 day window, col. 2) with a 30 day
donut window, and 558 MWh (180 day window, col. 1) to 633 MWh (1 year window, col.
5) without a donut window.

Panel B in Table 2.3 contains results for relative changes in cross-border flows between
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Table 2.3: Effects on Cross-Border Flows

(1) (2) (3) (4) (5) (6)

Sample Window:

from 2015,/04/08 2015/01/04 2015/01,/01

to 2016/04/02 2016/07/05 2016,/10/04

length +/- 180 days +/- 9 months +/- =~ 1 year
Donut Window 0 +/-30 0 +/-30 0 +/- 30
Panel A - Nominal Changes
Dep. Variable |fes.prt| [MWA]

1(t>2015-10-05) 558.5*** 1,111.4™* 628.8°*  972.7**  633.1*"*  912.1***
(191.1)  (179.1)  (1475)  (115.4)  (1484)  (109.7)

Observations 6,126 5,126 9,264 8,264 10,837 9,837
Adjusted R? 0.478 0.528 0.410 0.440 0.391 0.412
Within Adj. R? 0.470 0.521 0.405 0.436 0.380 0.402
Panel B - Relative Changes

Dep. Variable log (| fEs,Frt|) [log-points]

1(t>2015-10-05)  0.5084**  0.9386™*  0.4956™* 0.7058*** 0.4946*** 0.6552***
(0.2092)  (0.1713)  (0.1431)  (0.1144)  (0.1478)  (0.1142)

Observations 6,125 5,125 9,263 8,263 10,836 9,836
Adjusted R? 0.250 0.276 0.187 0.194 0.186 0.191
Within Adj. R? 0.238 0.266 0.181 0.190 0.176 0.182

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly level. Driscoll-
Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample Window is the time
span of the estimation sample. Window Length is the approximate length of the sample on each side of
treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months before, and after
treatment, respectively. Donut Window stands for the number of days excluded from the sample on each
side of treatment.

Spain and France caused by the transmission investment, with the dependent variable speci-
fied as log (| fes Frt|). My preferred estimate from column 6, 0.655, translates to an average
92.55% increase in net volume of absolute cross-border flows between the two countries for
any given hour'®. The near doubling of flows closely corresponds to the doubling of cross-
border transmission capacity that was reported by the project investor, although the investor
claimed the capacity was going to increase from 1,400 MWh to 2,800 MWh (Inelfe, 2024). I
consider the fact that my estimate matches the ex-ante prediction, in relative terms, to be

remarkable.

15 A coefficient in a log-linear regression can be transformed to relative changes using the formula: exp (81) —
1.
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Table 2.4: Effects on Cross-Border Price Differences

(1) (2) (3) (4) () (6)

Sample Window:

from 2015,/04,/08 2015,/01,/04 2015,/01,/01

to 2016/04/02 2016,/07/05 2016,/10/04

length +/- 180 days +/- 9 months +/- =~ 1 year
Donut Window 0 +/-30 0 /- 30 0 +/- 30
Dep. Variable lprrt — PESt| [EUR/MWh]

1(t>2015-10-05) -3.700  -2.202 -5.006"* -3.804** -5.390%** -5.249***
(2.789) (2.208) (2.027) (1.789)  (1.953)  (1.814)

Observations 6,126 0,126 9,264 8,264 10,837 9,837
Adjusted R? 0.457 0.496 0.375 0.400 0.380 0.399
Within Adj. R? 0.445 0.486 0.367 0.395 0.368 0.389

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly level.
Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample Window
is the time span of the estimation sample. Window Length is the approximate length of the sample
on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months
before, and after treatment, respectively. Donut Window stands for the number of days excluded
from the sample on each side of treatment.

The large increase in hourly flows implies that there was, on average, a significant room
for improving generation allocation by increasing trade between France and Spain. The
difference between day-ahead wholesale market electricity prices in France and Spain cor-
responds to the difference in marginal costs of meeting load in the two countries. A large
price difference indicates inefficient generation allocation between the two countries. It also
points to large potential benefits from increasing trade. The change in price differences in-
dicates how much closer the per unit costs of electricity in the two countries became due to
the transmission expansion'®. It is also indicative of the steepness of marginal cost curves
for the two countries. The relevant measure for price (cost) differences between the two
countries is the distance, or absolute value, of price differences, because it is not influenced
by exogenous switching of price difference sign.

Impacts of the transmission investment on the absolute value of day-ahead wholesale
market price differences between France and Spain, based on specification in Eq. 2.6, are

shown in Table 2.4. My preferred estimate in column 6 implies that the new transmission

16 The exact benefits depend on the relative shapes of the marginal cost curves in the two countries.
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line decreased the absolute value of the price differences by 5.25 Euros per MWh for an
average hour. For comparison, the mean, and 99th percentile, absolute price difference were
15.15 EUR/MWHh, and 37.76 EUR/MWh, respectively, in the period from January through
September 2015, and 16.28, and 49.97 EUR/MWh, in 2014. Medians were approximately
the same as means. Consequently, the increased transmission capacity causes the absolute
value of price difference to decrease by about a third, and a tenth, of the pre-expansion
mean, and 99th percentile, respectively.

The decrease in price differences is also large when compared to prices in Spain and
France. The mean day-ahead electricity prices in Spain were 44.64, and 52.49 EUR/MWh,
in 2014, and in January through September 2015, respectively. In France, the mean price was
38.11, and 41.07 EUR/MWh in those two time periods. Median prices were approximately
the same as mean. The impact of the reinforced interconnection thus corresponds to about
10 to 13% of mean prices before expansion. Considering the fact that the annual mean
absolute price differences stay in the range of 7 to 10 Euros per MWh in the following years,
both the price difference and impact of the transmission expansion on it, are substantial

compared to prices in each country.

2.5.1 Cost Benefit Analysis of The Investment

Impacts of the new transmission interconnection on cross-border flow volumes between
Spain and France, and cross-border price differences are sufficient for estimating the ag-
gregate net benefits of the investment, even in the absence of detailed data on generation
technology and costs. The net-benefits are equal to the magenta lined area in Fig. 2.2, which
is equal to the cost savings of serving the demand in Spain and France.

Under the assumption that marginal costs are linear between the pre and post-expansion
equilibrium points for each country, the magenta area can be estimated as an area of an
isosceles trapezoid using Eq. 2.2. Using the estimated 912 MWh change in cross-border trade
volumes, or flows, between Spain and France from column 6 in Table 2.3, combined with

the 15.15 EUR/MWh, and 8.21 EUR/MWh, mean absolute price differences in same pre,
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Table 2.5: Aggregate Welfare Impacts and Cost Benefit Analysis

Panel A: Static Benefits and Costs:

Hourly Benefits [Euro] 10,653
Annual Benefits [million Euro| 93.323
Construction Cost [million Euro] 700

Panel B: Returns for Different Discount Rates:

Discount Rate 1% 4% 5% 10 %
Years to achieve parity 7.75 8.68 9.06 12.02
Present value (PV) after 25 yrs. [mn Euro] 2,075 1,516 1,381 931
Panel C: Returns for Different Lifespans:

Lifespan [Years] 25 50 75 100
Internal Rate of Return 1483 % 1537 % 1538 % 15.38 %
PV with 4% Discount Rate [mn Euro| 1,516 2,085 2,298 2,378

Benefits are calculated using the 2015/01,/01-2016,/10/04 sampling window and a 30 day donut window.
Observations are for weekdays at hourly level.

I calculate the present value of the investment as PV (T,p) = S_, (1 +p) " ASWF where T stands
for total number of years the benefits are calculated for, and p for the discount rate. Years to achieve
parity is the solution of PV (T, p) = c for T given p, where ¢ equals the construction costs. Internal
Rate of Return is the solution for p for a given 7.

and post expansion samples, respectively, from Table 2.1, I calculate that the transmission
expansion results in average benefits of 10,653 Euros per hour.

The hourly net benefits translate to 93.3 millions Euros annually. I present a cost-benefit
analysis of the new HVDC interconnection between Spain and France at the aggregate level
in Table 2.5. I perform the analysis under the assumption that the annual benefits remain
the same throughout life-cycle of the transmission line. Consequently, my estimates are a
lower bound on the gains over the life cycle of the project, because the increased transmission
capacity is likely to result in more efficient investment in generation (Gonzales et al., 2023),
as well as increased reliability. I also assume that costs occur only during the construction
of the project, a reasonable assumption given that operating costs tend to be related mainly
to maintenance. The reported construction costs of the project were 700 million Euros (De
Clercq, 2015; de Ladoucette et al., 2015; Francos et al., 2012; Wright, 2015).

I calculate how many years, T, it takes for the present value of the project to reach

parity to the construction costs for a range of discount rates, p, in Panel B of Table 2.5 with
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the present value defined as:
T
V(T,p) = ASWF
=Yy

where A/S\WF stands for the annual benefits, as defined above. With a 1%, and 10%, dis-
count rate it takes 7.75, and 12.02 years, respectively, for the benefits to exceed costs. Using
the 4% discount rate for cost benefit analyses of investment in electricity transmission infras-
tructure in the pan-European, bi-annual Ten Year Network Development Plan (TYNDP)
(ENTSO-E, 2024), the present value of the investment in the new interconnection exceeds
the construction costs after operating for 8.68 years. In comparison, operational lifespan of
transmission infrastructure is frequently over half a century.

Following Gonzales et al. (2023), I compute the internal rate of return on the investment,
defined as the highest discount rate such that the present value of the investment reaches
parity with investment costs over a given time period. The internal rates of return, as
well as present values of the benefits with a 4% discount rate for different lifespans of the
project are in Table 2.5, Panel C. For the purposes of TYNDP, the economical lifespan of
an investment, that is the duration over which benefits are calculated, should be at most 25
years, even if the technical lifespan of the infrastructure is longer (ENTSO-E, 2024). The
internal rate of return for this time horizon is 14.83%. For longer time horizons, the internal
rate of return does not increase by much, because the present value of benefits becomes very
small for large ¢ - for example it is only 0.55 percentage points higher, 15.38%, for a 100

year long time horizon.

2.5.2 Welfare Distribution of the Effects

The large estimated aggregate benefits of the project indicate that building the new
transmission interconnection between Spain and France was important. It is reasonable to
ask then - why did it take over 30 years (since the 1980s) to build it? It takes two to dance,
and it takes two to build a cross-border transmission line. The French and Spanish TSOs

had to jointly site the line, and connect it to their systems. They had to decide how to split
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the construction costs. Regulators in both countries had to approve and permit the project.
Each TSO, and national government, must benefit from the project in order to support
it. Construction costs are passed onto transmission customers over time through fees, and
we usually want the beneficiary to bear the cost. If either the buyers of the electricity
(who represent consumers) or the generators in a country are harmed by the project, they
can exert political pressure on regulators and governments in order to derail the project.
Consequently, it is important to know how the transmission investment affects the different
stakeholders in each country, as well as each country in aggregate.

If there are non-zero flows and congestion (price differences) between two adjacent pricing
points, the prices paid for the traded quantity at the exporting and importing nodes are
different. The money “left on table” from the trade is called congestion revenue, defined
in Eq. 2.5. It is split between the two TSOs. Since the only transmission path between
Spain and France crosses their border!”, the directions (signs) of price differences and flows
are always the same in jointly cleared markets. Consequently, congestion revenue is always
non-negative. Congestion revenue before, and after the expansion, is represented by the area
of teal dashed, and teal shaded rectangle, respectively, in Fig. 2.2.

In order to be concise, I only present results for my preferred sample specification in the
main text, defined as 1st of January, 2015, to the 4th of October, 2016, with 30 days excluded
on each side of 5th of October, 2015. Results for the full set of sample specifications are in
Appendix D. The transmission expansion increased congestion revenue by 10,264 Furos for
an average hour, as specified in Eq. 2.6 and shown in the first column of Table 2.6, compared
to a pre-expansion mean of 15,188 Euros. The large increase in congestion revenue implies
that the the increase in flows across the border outweighed the decrease in price differences.

I estimate impacts on buyer expenditures using Eq. 2.8, with the exception that I do not
include demand, D;, on the right hand side. I find a negative, but statistically insignificant,
effect on buyer expenditures in Spain in both nominal, and relative terms, shown in Table 2.6,

columns 2 and 4, respectively. The estimate remains insignificant in all, but one, of the other

7 In other words there are no loop flows, or paths going through other price zones.
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Table 2.6: Effects on Congestion Revenue and Buyer Expenditures

Change in Congestion Rev. Buyer Expenditures
(1) (2) (3) (4) (5)

Type of Change Nominal Nominal Relative
Unit Euro Euro Log-points
Dep. Variable CTES,FR,t Pitdit log (pitdit)
Level Cross-border Spain France Spain France
1(t > 2015-10-05) 10,264*** -46,321 566,726  -0.0408  0.2859***

(2,865) (126,496)  (149,518)  (0.1058)  (0.0670)
Observations 9,837 9,976 9,950 9,976 9,950
Adjusted R? 0.328 0.771 0.798 0.738 0.794
Within Adj. R? 0.308 0.639 0.726 0.582 0.673

Significance Codes: ***: 0.01, **: 0.05, *: 0.1. Observations are for weekdays at hourly level.
Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. The sample is defined
as pre-expansion period from 2015/01/01 to 2015/09/04 and post-expansion period from 2015/11/04
to 2016/10/04, see Section 2.3.1 for further details. Results for additional sample definitions are in
Appendix D - in Table D.1 for congestion revenue, and in Tables D.2 and D.3 for expenditures in Spain,
and France, respectively. Congestion revenue is defined as cres,rr.t = fes,Frt X (PFRt — DESt)-

sample specifications found in Table D.2. In contrast to Spain, I find that the transmission
expansion increases the hourly cost of purchasing the electricity to meet load in France by
566,726 Euros, or 33% in my preferred specification in columns 3 and 5 of Table 2.6.

I estimate bounds on impacts of the transmission expansion on generation profits in each
country, rather than impacts on profits due to data limitations, as discussed in Section 2.4.1.
In summary - as a first step, I estimate the effects on generation quantities, as well as on
generation response to changes in load in each country, using the regression in Eq. 2.16. I
then utilize the obtained coefficients to compute counterfactual production in each country,
defined as the quantity that would have been generated if the transmission line had (not)
been in service at any given time. With the counterfactual quantities in hand, I estimate
the lower and upper bound on changes in generation profits for each country, as specified in
Egs. 2.14 and 2.15, respectively.

The changes in generation quantities due the transmission expansion are in Table 2.7, for
my preferred sample, and in Table D.4 for the full set of samples. Following the transmis-
sion expansion, generation in Spain, in column 1, increases by 0.05 MWh less than before

in response to a 1 MWh increase in domestic demand. Furthermore, Spanish generators
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Table 2.7: Effects on Generation Quantities

(1)

(2)

Country Spain France
Dependent Variable qest [MWh] qrRrt [MWh]
1 (¢ > 2015-10-05) -1,354** -109.5
(688.4) (0.0497)
dEs, 0.9125%** 0.1154
(0.0264) (0.1116)
1(t > 2015-10-05) X dps, -0.0466* 0.1357
(0.0257) (0.0885)
drR 0.0265** 0.8537***
(0.0131) (0.0497)
1(t > 2015-10-05) X dpp 0.0345** -0.0597
(0.0161) (0.0401)
Observations 9,972 9,971
Adjusted R? 0.944 0.950
Within Adjusted R? 0.853 0.942

Significance Codes: ***: 0.01, **: 0.05, *: 0.1. Observations are for weekdays

at hourly level.

Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in paren-
theses. The sample is defined as pre-expansion period from 2015/01/01 to
2015/09/04 and post-expansion period from 2015/11/04 to 2016/10/04, see Sec-
tion 2.3.1 for further details. Results for additional sample definitions are in

Appendix D.

produce 0.035 MWh more per every 1 MWh increase in French demand after the expansion,
in addition to a pre-expansion response of 0.027 MWh. Note that, one cannot interpret the
coefficient on post line opening as a, on average, 1,354 MWh decrease in Spanish generation
due to the transmission expansion, because we never observe demand levels equal to zero. I
do not find any significant impact of the new transmission line on French generation output,

as displayed in column 2. Furthermore, French generation does not exhibit a statistically

significant response to changes in Spanish demand before the expansion.

The estimated lower and upper bounds on changes in generator profits for the preferred
sample are in Table 2.8, and for all samples in Tables D.5 and D.6 for Spain, and France,
respectively. The two bounds are very close to each other (within less than one standard
error) in all instances. I do not find statistically significant impacts on generator profits in

Spain, columns 1 and 2, in either nominal (Panel A), or relative terms and (Panel B).
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Table 2.8: Effects on Generation Profits

(1) (2) (3) (4)

Country Spain France

Bound Lower Upper Lower Upper

Panel A - Nominal Profit Changes [EUR|

Dep. Variable Qs X PES:  Qbsy X PES: Qipe X PFRt  Qppy X PFRA

1 (¢t > 2015-10-05) 11,383 14,163 552,235*** 555,985%**
(105,808) (58,037) (166,474) (167,666)

Observations 9,972 9,972 9,934 9,934

Adjusted R? 0.868 0.866 0.854 0.852

Within Adj. R? 0.795 0.792 0.801 0.795

Panel B - Relative Profit Changes [log-points|

Dep. Variable log (qlcjtc X p@t)

1 (¢t > 2015-10-05) 0.0133 0.0143 0.2174*** 0.2164***
(0.0853) (0.0852) (0.0625) (0.0624)

Observations 9,972 9,972 9,934 9,934

Adjusted R? 0.816 0.813 0.846 0.844

Within Adj.R? 0.712 0.708 0.758 0.751

Significance Codes: ***: 0.01, **: 0.05, *: 0.1. Observations are for weekdays at hourly level.
Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. The sample is
defined as pre-expansion period from 2015/01/01 to 2015/09/04 and post-expansion period from
2015/11/04 to 2016/10/04, see Section 2.3.1 for further details. Results for additional sample
definitions are in Appendix D. Counterfactual quantities used in the estimation and the impacts
on profits are estimated on the same analysis sample.
Dependent variable for lower bound on relative profit changes is log (q?’t X pi,t) , and
log (¢i,+ X pi.+) for upper bound.

In contrast to the results for Spain, I find a large and statistically significant increase

in hourly profits of French generators following the increase in cross-border transmission
capacity, with the lower, and upper bound, equal to 552,234, and 555,985 Euros per hour,
respectively, for an average hour as shown in Table 2.8, Panel A, columns 3 and 4. The

bounds on relative changes in hourly French generation profits, in Panel B, are both equal

to a 24% increase.

I summarize the decomposition and distribution of welfare impacts in Table 2.9. The

country level welfare impact of the project is computed as the change in generator profits
minus the change in buyer expenditures (since buyers prefer lower expenditures, or prices) as

per Eq. 2.4. The transmission expansion leads to a 57,704 Euro per hour increase in welfare
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Table 2.9: Summary of Decomposition of Welfare Changes

(1) (2)

Country Spain France

Change in Buyer Expenditures -46,321  552,197***
(126,496)  (149,518)

Change in Profits (Lower Bound) 11,383 552,235
(105,808)  (166,474)

Country Level Change in Social Welfare 57,704 37.6

Change in Congestion Revenue 10,264***

(2,865)

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . All dependent variables are in
FEuros. Data is for weekdays at hourly level.

Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in paren-
theses, where available. Numbers with standard errors reported are coefficients
from corresponding regressions using a sample with a 2015/01/01-2016,/10/04
sampling window and a 30 day donut window. Country level change in social
welfare is calculated as per Eq. 2.4.

in Spain, although neither of the two components is statistically significantly different from
ZEro.

The individual welfare impacts, and thus the welfare decomposition, are much more
precise and interesting for France. The estimated increases in hourly buyer expenditures,
and generator profits due to the new transmission interconnection are almost completely
equal, approximately 552,000 Euros. Combined, the aggregate impact of the transmission
line on French stakeholders is close to negligible, despite highly economically and statistically
significant impacts on individual stakeholders in France.

Consequently, the French transmission system operator, the project investor on the
French side, and to some extent the French government, must have faced an interesting
conundrum when it comes to proposing and building the project, even if we do not consider
which transmission customers pay for the expansion. On one hand, French generators, who
are customers of the TSO and pay taxes, greatly benefit from the expansion through in-
creased profits. On the other hand, French consumers, who are also customers of the TSO
and who vote in elections, are harmed by the project almost as much as the generators
benefit from it. Whether a project gets build is going to depend on which group has more

leverage to push through its interests. A system of welfare transfers could alleviate some of
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these conflicting impacts, but that is area left for further research.
2.6 Conclusion

Areas most suitable for renewable electricity generations are frequently different from
locations of legacy fossil fuel generation resources, and far away from major load centers.
Hence, large scale investment in high voltage electricity transmission infrastructure connect-
ing renewable rich areas to demand centers is crucial in order to efficiently deploy renewable
energy resources at the scale needed to meet decarbonization goals.

Wholesale electricity markets covering large geographical areas increase allocation ef-
ficiency of electricity generation by enabling trade. Large and persistent price differences
between adjacent pricing locations have been omnipresent. These large price differences
exists if and only if the transmission interconnection between the two locations is operating
at its capacity. Congested transmission links thus prevent efficient generation allocation. In
other words lower cost plants are available, and could be dispatched if higher transmission
capacity was available.

It frequently takes decades from the identification of a need to increase transmission
capacity to the construction start. Many projects fail long before getting close to the
construction phase. Newly built transmission interconnections oftentimes reach their full
operational capacity shortly after commissioning, and thus (again) constrain trade, despite
the low marginal cost of capacity and high fixed costs involved in transmission investment.
Efficient incentives are needed for market delivered investment, where, when, and at the
levels needed. Knowing the benefits, and their distribution across the various stakehold-
ers, is the first step in designing policy incentivizing transmission investment. In addition,
better understanding of benefit distribution can aid in determining who to target with the
regulatory fees in cost recovery of the transmission expansion.

I am the first to empirically evaluate the impacts of the first large increase in cross-
border transmission capacity between Spain and France since the 1980s. This border offers

an excellent opportunity to study impacts of transmission investment for multiple reasons.
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It has been a significant congestion point in the European electricity transmission system for
decades. Indeed, the Iberian Peninsula has been frequently labeled as an “electrical island”
isolated from the rest of Continental Europe due to the severity of congestion. Furthermore,
both countries have a high share of, and in Spain great potential for, zero carbon electricity
generation, specifically from wind and solar in Spain, and from nuclear generation in France.
Differences in generation and load patterns in the two countries seemingly create room for
trade in zero carbon electricity. Importantly, the lack of loop flows through third countries
involved in trade between Spain and France greatly simplifies the analysis. Yet, in contrast
to other settings with radial network arrangements used in the literature, both countries
have rich demand and generation patterns.

I estimate impacts of a new high voltage direct current interconnection between Spain
and France, commissioned on the 5th of October 2015, using a novel data set with a com-
prehensive high frequency coverage of electricity system and market operations in Spain
and France. I find that, within a year of the line starting operations, the hourly absolute
cross-border flows between the two countries, equivalent to trade volumes, nearly doubled.
They increased by 92.55%, or 912 MWh. The increase corresponds to approximately 3.3%,
and 1.8%, of mean Spanish and French load. The doubling of cross-border flows matches
ex-ante prediction of the project investor.

The transmission expansion decreased the absolute value of day ahead price differences
between the two countries, a measure of the distance between marginal costs, by 5.25 Euros
per MWh, from a baseline of approximately 16 Euros per MWh. The impact is equal to
approximately 10 to 13% of mean day ahead prices in Spain and France before the expansion.
Thus, the decrease in price differences is substantial.

The aggregate benefits of the project are estimated at 93 million Euros a year. The
investment costs were 700 million Euros. At an annual discount rate of 4%, used to evaluate
investment in transmission infrastructure in Europe, the benefits of the project exceed costs
in 8.7 years from the start of operations. A 25 year long economical lifespan is used in cost

benefit analysis of transmission investment in Europe. The internal rate of return on the
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investment for a 25 year long period, that is the discount rate that would make the present
value of benefits over the 25 years equal to cost, is 14.8%. The investment in the cross-border
capacity between Spain and France appears to have high aggregate returns.

At a finer level, the Spanish and French transmission system operators see a combined
ten thousand Euro per hour increase in congestion revenue, or revenue from the cross-border
trade, due to the expansion. I do not find the investment resulting in a statistically signif-
icant impact on either expenditures of Spanish buyers, or on profits of Spanish generators.
However, I find a statistically and economically significant increase in buyer expenditures as
well as in generator profits in France. The nominal increase in expenditures is nearly equal
to the increase in profits, so in total they essentially cancel each other out within France.

Consequently, it is understandable if there was opposition from the French consumers
against building the new transmission link between the two countries. Although the buyers,
or consumers, are not directly part of the investment process, they can influence the outcome
through political pressure, essentially their votes, and throughout the permitting process.
Activist groups have derailed transmission projects through pushing overly expensive mea-
sures due to environmental, or even visual appeal reasons, in the past. Similarly, generator
owners might lobby in line with their interests - they pay taxes, and are frequently large
employers.

In summary, I demonstrate that even what might appear as small increase in transmission
capacity can lead to substantial aggregate benefits. But at the same time, I also show that
it is necessary to consider not only the aggregate benefits of a transmission project, but also
how the different stakeholders - generators, buyers (consumers), and TSOs - are affected by
the project. It is also important to know who these stakeholders are, and where they are
located, in order to reduce opposition to, and gather support for, investment in transmission
infrastructure. Direct engagement with stakeholders, or perhaps even transfers between
beneficiaries and losers might be part of the solution. Knowledge of the benefit distribution
also enables targeting of investment cost recovery from beneficiaries, rather than recovering

the cost uniformly from all transmission customers. Design of exact solutions, and policies to
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alleviate roadblocks investment in transmission infrastructure faces due to the distribution
of impacts is an area left for further research.

There are several additional interesting dimensions to heterogeneity of the impacts that
I would like to analyze in future work, in addition to the aggregate country level outcomes
on generators, buyers, and TSOs across the two countries I analyze in this paper. There
are large differences in electricity demand, generation, and generator availability patterns
between different seasons of the year. Analyzing the heterogeneity of effects across different
seasons can thus be informative about when the impacts are the greatest. Furthermore,
different generators are going to be affected differently depending on the part of merit order
cost curve at which they are located. It is important to consider which generators are
affected the most and in what way.

The data is suitable for analysis of how generation aggregated at fuel type level, and for
large generators at unit level, is affected by the increased trade. Of particular interests are
the effects on fossil fuel (coal and natural gas), and renewable (wind and solar) resources.
I am also interested in whether there are any spillovers on secondary borders - borders of
France, and Spain, with their other neighbors. Impacts on pollution, and in general on
emissions, from power generation and where the changes occur are also of great importance
and interest. These are all areas I am planning to focus on next. I also want to improve
the analysis on generation impacts, in particular profits, by obtaining data on costs, and
bidding in the day ahead market.

The border between Spain and France is not the only border in Europe with significant
congestion and issues with construction of new transmission lines. The vast majority of
the data is available for all European countries. I can thus expand the analysis to other
borders in Europe. The interesting aspect of other European borders is the fact that Europe
has highly meshed, or interconnected, transmission network. Due to physical properties of
electricity flows, increased capacity across one border is going to affect many other borders
as well. For example, a change on the border between Germany and Poland is also going

to affect the borders between Germany and Czechia, and between Czechia and Poland since
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flows between Germany and Poland go through all transmission paths between them. These
cross-border spillovers are important in other transmission systems as well. However, they

have largely not been empirically studied.
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3. Effects of Electricity Transmission Network
Expansion in Europe

The border between Spain and France, which I analyze in Chapter 2, might be a poster
child of cross-border high voltage electricity transmission system congestion, of the difficul-
ties in reducing it, and of the benefits of transmission expansion. However, congestion is
present, and an issue across many other borders, as well as internally within countries (or
bidding zones) both in Europe, and elsewhere. Consequently, to get a broader picture of
the benefits, it is beneficial to analyze impacts of transmission expansion across different
borders and settings.

Indeed, at any given point in time, there are dozens of electricity transmission projects in
Europe with a significant ex-ante predicted impact on cross border exchange capacity under
construction, planning, and consideration. For example, the 2024 edition of the bi-annual
Ten Year Network Development Plan for Europe conducted by ENTSO-E included 178
transmission projects, which their investors anticipated to be completed before 2040. Out
of these projects, 17 were in the construction, 43 in the permitting, and 57 in the planning
phases at the time when the list was published in early 2025. The remaining projects were
under consideration. Transmission investment is thus going to remain relevant in Europe
for a while.

Even though the European transmission system is highly meshed in comparison to other
areas, boundaries of the transmission system largely follow national borders. The density
of cross-border transmission connections is much lower in comparison to within country
connections right next to the border. National borders create a clearly visible cut in the
transmission network, as seen in a portion of the 2019 European transmission map in Fig. 3.1
showing the Benelux region. Transmission lines (in red and green) connect to a lot of places
alongside the borders, but significantly fewer lines actually cross the borders. There are
essentially no technical, geo-political, or national security reasons why national borders
should create electricity borders within the EU. Consequently, there is a lot of room for

cross-border transmission expansion in Europe.

61



04 Oxylux Hagermarsch % yog)ay
05 E:zh Westereems\\ N Maade: ! PP
i Eemshaven ‘= - Wilhelr
06 Schifflange Magnum _ = den/BorBum )
5 %

07 Be_rchem Vierverlaten. 5=
08 Heisdorf Bergum 5 &
09 Sotel Louwsmee

? Sheringham Shoal

10 Blooren
Norwich =
& Velsen 24/25 Fryslan  Qudehaske Zeyerveen Rhede
Main @ Scroby Sands 2
= Hollandse kust Noord | Beverwuk Diemen Dorpen/West Ganderk
Great Yarmouth Hemweg 8 & 9 %@ Niederlangen Cloppenbur(
Egmond Oostzaan  Eps Meppen
aanZee _ @\ EE’CW Hanekenfahr St. Hlife
P Amali i a
Sizewell Lugﬂts:rfiumm:na IJmonda% Almel Wester!(appeln .
e Hqi@sn e hust'mld 9 = ol i
\ \ efidorf
@ Greater Gabbard U ‘J‘ - ‘j? P}e}“‘ale Ibm i =y Over
b aq:rllee | ¥ Lagemlde ‘ f 1
nfleet Sands II Centrale 20 | ' Menwerdekanaal ielefel
M: lakt Bleis N
E Maasviakte — oo oS e A OCA
it Sands | Centralemn == = p Dodewaard N
@ London Array .. g |R11)t_t4erdam ! Runm\l’;d =5 o
orssele
Bank Zonder Naam @ Herdersbrug Mo'\:f;]sémm ' nnige
y Bligh bank . | Borssele 30 D L ,- . Lersteinwerk
S Thanet  Rentel bank = ‘S'°f g, Borssele \ ) g = ippborg. "
anterbury Nol 9 central 2 ippborg |
ry Thornton bank g, .47 e nda e
nterbury Gezelle - Lo Berfkamel o
es attaques Warande, /. Mae Iant = o Dﬁ:" e ©
Gravellnes Brode Knippegroen  Eekjo Noord el 4 ;5'59”%'5"
Rodenhuize

A =
Ronkhausen “Arpe

S B raek Horta
[ "‘m Izegem

et 4 ¥ Opladen .
hen Weppe Lafigeflo = wenubold o1 -~ A 2P T Altenkleushe
ia Croix J , 508 Gpemberghoven \ |
= A Dumcnt veriautenpgide_03g3 % o onackor™ 1 ¥ Setzer
[N “Drogenbos = Hang i ‘ ! DauersbergA~ Eiserfeld o
Beuvry 2 Tihange i
-

inage oo reelles s
Hr_?rnamg Gouy
| e hiers Amercoeur
nehotte \/ * | St-Ghislain

. \ =

Tergnée

2 \y
=]

& K
‘oste / "
Slocagx AbL Wengerohr
L N argue Waldlaubershaim\ C
‘aupaliere \ —
Hotel Dieu

g Niederhausen K

: Saarwellingen
/ Ensdorf

il Valescg y

” @Y patis Compiegne | .
stte Herse / 4R
mise. 4\&

lleul Terner S
\ Blerlot Le Long- 5 /|
S/l"e Ce 4 Champ  /Ormes. ‘)k
£ ‘, “Sausset Vezilly i X
v Pench Dam N \ Phlllppsb :
N\ Chambry Nogentel 7 old7 — *Retite-Rossélle Daxlanden. Bjughsal +*
(' il Saqreguiemines gagzendorf . S Kars
i
I} i3 Mor 8s - Les Fossés  La @haussée Revigny Blenod Z5zaumon Dettwiller Hagu:?éuo vald
T acindate Arighi X\ Vaites matwica /  Marnllac Custines \ UESES o rmitr i Bgrgholz{ ¢+ &1/ Rirkenfe

Figure 3.1: Transmission Map of Benelux. Adapted from 2019 map of Interconnected net-
work of Continental Europe (“Interconnected Network of Continental Europe”, 2018).

The degree of congestion, transmission needs, and the relative size of the increase in
transmission capacity across the Spain - France border were all very large. While cross-
border congestion is present across other borders as well, it might not be as persistent. On
one hand, many interconnections just further increase already large cross-border capacities.
On the other hand, there are still many land borders without direct electricity connections.
There are transmission projects connecting different price zones in the same country. While
many of the largest projects tend to utilize high voltage direct current (HVDC) technology,
most expansion projects use alternating current (AC). AC system projects can be new lines,

capacity increases (reconducting) of existing lines, or upgrades of transmission equipment
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such as transformers. The large variety of conditions thus necessitates further analysis to
provide a broader picture of transmission expansion effects.

I constructed a comprehensive list of transmission expansion projects in Europe, their
locations, and the dates they entered service (called commissioning dates) using a variety of
publicly available sources. I selected four different projects, which I analyze in this chapter
using the same methodology as in the case of the Spain-France interconnection in Chapter 2.
Three of these projects are HVDC interconnections, and one is an AC interconnection. They
connect bidding (price) zones of different sizes and arrangements. They are located all over
Europe.

The new interconnections increase cross-border electricity flows, essentially equal to trade
volumes flowing directly across the border, by approximately 11 to 63%, depending on the
border in question. The estimated nominal increases in absolute net hourly physical cross-
border flows range from 350 to 530 MWh. These are substantial increases given the size of
the bidding zones on each side of the new lines.

Depending on the project, and analysis method, the estimated effects of these intercon-
nections on absolute day ahead wholesale electricity price differences are either statistically
indistinguishable from zero, or large and positive. This stands in contrast to the substantial
decrease in absolute day ahead price differences between Spain and France caused by the
increased interconnection capacity between them shown in Section 2.5. Significant increases
in price differences caused by the new interconnections seem counter intuitive in light of the
large increases in physical flows. I attribute these puzzling results to the outside factors
connected to the Russian invasion of Ukraine causing a large increase in natural gas, coal,
and energy prices more broadly in Europe in late 2021 and throughout 2022. My estimation
strategy struggles to reconcile with these exogenous shocks, given that the projects I analyze

were commissioned between late 2020 and late 2023.
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Table 3.1: Transmission Projects Analyzed

Project Countries Bidding Zone Type  Commissioned
i J On y/m/d
ALEGrO Belgium Germany BE DE LU HVDC  2020/11/18
400 kV HU - SK Hungary Slovakia HU SK AC 2021,/04/05
SouthWest, Link Sweden SE3 SE4 HVDC  2021/07/27

Savoie Piemont 1 ~ France Italy FR IT-NORTH HVDC  2022/11/07
Savoie Piemont 2  France Italy FR IT-NORTH HVDC  2023/08/04

3.1 Data

I obtained data on transmission expansion projects primarily from two public sources
- mandatory filings by Transmission System Operators (TSO) published on the ENTSO-E
Transparency Platform, and from the list of energy infrastructure projects with European
wide importance, so called list Projects of Common Interest (PCI), maintained by the Euro-
pean Commission. I further augment this data with information from news reports and press
releases. Due to the complexities involved in creating a comprehensive data set of trans-
mission projects, I selected 4 projects, listed in Table 3.1, which I analyze in this chapter.
I selected projects based on anticipated relevancy, and data quality. The projects include
HVDC and AC interconnections, a connection connecting a bidding zone encompassing mul-
tiple countries and control areas (ALEGrO), as well as a connection between two bidding
zones within one country/control area (SouthWest Link).

I use data on electricity system operations and day-ahead wholesale electricity prices
from ENTSO-E Transparency. The data starts in January 2015 and continues all the way
to March 2024, although it can be easily extended to presence as data becomes available.
With a few minor exceptions, the data structure and properties are the same as in the case
of the Spain - France interconnection described in Section 2.3 and Appendix A.

Europe uses zonal wholesale electricity pricing, that is uniform wholesale price applies
in the area covered by a single bidding zone. A further discussion of European bidding
zones can be found in Section 2.1.2. Consequently, market outcomes, including cross border

flows, are determined at a bidding zone level. Since the boundaries of bidding zones do not
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correspond to control area and country boundaries for several areas connected by projects
in Table 3.1, I use data at bidding zone level rather than at control area level as I do in

Chapter 2.

3.1.1 Data on Transmission Projects

European Union regulation requires all European T'SOs to submit information on antici-
pated changes in the transmission system in the next three years with an anticipated impact
of 100 MW or more on cross zonal capacity between bidding zones. This information is
also known as reports on developments, or Form 9.1. The information includes asset name,
impacted bidding zones, estimated impacts on transmission capacity, and expected date of
completion. The reports are predominantly published in the form of PDF documents on the
Transparency Platform. Report structures differ both across TSOs, and between reports
filled by same TSOs at different times.

I manually converted all 218 reports published prior to June 2023 to a machine process-
able format, resulting in approximately 278 distinct, and over 400 total, entries!. There is
no uniform identifier of an asset across reports. The level of aggregation also differs between
reports - for example some reports might list a project with three segments (substation A to
B, B to C, and C to D) as a single entry, while other reports might list it as a single entry.
So far, I manually consolidated the list through several iterations to 78 entries, although
further consolidation is still needed.

Unfortunately, the quality of the data on when a line was commissioned is far below
ideal. Many reports list only an anticipated completion year. In other cases, even if a precise
commissioning date is listed, the date does not match information from other sources such
as press releases or TSO websites.

A further source of data is the list of Projects of Common Interest (PCI) published by the
European Commission. An investor can apply for a project with anticipated large impact on

cross-border trade in electricity to be awarded a PCI status. The PCI status makes projects

1 A single project can be listed in multiple reports by the same TSO, or by multiple TSOs with unchanged
information.

65



eligible for EU funding as well as accelerated permitting process. The European Commission
publishes, and updates, data for all PCI projects. I scraped the Implementation and Fiche
reports from the Commission website in July 2023, and extracted the relevant information
from them.

Overall, there were 157 projects related to the electricity system in the PCI data. Out
of all these projects approximately 50 were transmission projects listed as commissioned at
the time of data processing. Most of the PCI projects have an exact commissioning date
listed. If there are multiple closely related projects, they are part of a “PCI Cluster.” All
PCI projects and clusters have a consistent unique identifier across different documents.

In theory, there is no relationship between the sets of projects listed in the Transparency
data and in the PCI list. Although, I would assume that PCI projects should be listed
in the Transparency data. Unfortunately, the PCI projects can be matched to projects in
Transparency only manually by comparing project descriptions and locations. That is a
very tedious process because they way a single large project is split into smaller projects
can differ between data sources.

Even if precise commissioning dates (year, month, date) are listed in both sources, the
dates do not match in some instances. Furthermore, in some cases a visually detactable
change in flows occurs at a different time than the stated commissioning date. Conse-
quently, a further verification of commissioning dates is warranted. I was able to verify
the commissioning dates for projects listed in Table 3.1 from various sources, such as TSO

websites, press releases, and news reports.

3.1.2 Operational Data

I obtained data on load and day-ahead electricity price for each bidding zone, as well as
for physical electricity flows between bidding zones from ENTSO-E Transparency. I conduct
the analysis at hourly frequency. Day-ahead prices for the Germany - Luxembourg bidding
zone are available at 15 minute, and at hourly levels. To remain consistent with rest of the

study, I use the hourly prices.
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Variable definitions and data manipulation remain the same as in the analysis of the
Spain - France interconnection in Section 2.3. Most importantly, I define net physical flows
between source area i and destination (sink) area j as f; j;. The mapping between direction
of flow and sign is described in Eq. 2.1. Similarly, I define the day ahead price differences

as:
Apijt = Pjt — Di (3.1)

For cross border variables throughout the analysis, index i always refers to the area with
its abbreviation listed first in alphabetical order out of the two areas connected by the line?.
Index j then refers to the second area. For example, in case of the line connecting the Belgian

(BE) and Germany - Luxembourg (DE_LU) bidding zones, i = BE and j = DE _LU.

3.1.3 Weather Data and Fuel Price Data

Analogously to the analysis of the new interconnection between Spain and France in
Chapter 2, I utilize mean country level data from the EU Commission’s and ECMW'’s
Copernicus Climate Change Service (Copernicus Climate Change Service, 2020) 3. T use
ambient air temperature, rainfall, wind speed and solar radiation, more detailed description
is in Section 2.4 and Appendix A. I describe how I define the weather controls for bidding
zones with borders not aligned with country borders in Section 3.2.

Similarly, I utilize the day-ahead TTF, and month ahead API2, price indexes to proxy
for natural gas, and coal prices, respectively, see Appendix A.1 for details. Even though my
sample period includes the period around Russian invasion of Ukraine and related spikes in
natural gas prices, I believe that the price indexes will properly account for effects of LNG
imports to the bidding zones I analyze.

Daily values of natural gas (blue), and coal (red) price indexes from 2018 to the first

quarter of 2024 are plotted in Fig. 3.2. Natural gas prices hovered around and below 25 Eu-

2 The abbreviation is the map code field for an observation in Transparency data, which corresponds to
area display name in EIC Y codes.

3 Neither the European Commission nor ECMWF is responsible for any use that may be made of the
Copernicus information or data it contains.
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Figure 3.2: Evolution of Daily Natural Gas and Coal Prices 2018 - 2024

ros per MWh in 2018 and 2019. Natural gas prices reached historical lows at approximately
5 EUR/MWh in summer 2020 during CoVid-19 shutdowns. Prices started to increase after-
wards, especially in the second half of 2021. Demand started to recover after the pandemic,
the summer was unusually hot and storage levels were low. European gas production was
lower than in the past. Russian Gazprom offered lower quantities in short term markets
compared to the past? (Fernandez Alvarez & Molnar, 2021).

Natural gas prices reached 75 to 100 Euros per MWh in late 2021. The Russian invasion
of Ukraine in late February 2022 pushed the prices to record highs of approximately 300
EUR/MWh in summer 2022. Prices decreased to below 75 EUR/MWh by January 2023,
and they have hovered between 25 and 50 EUR/MWh between March 2023 and March 2024.

Although coal prices had different levels, the evolution pattern was very similar.

4 Gazprom was still fulfilling long term contracts.
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3.2 Empirical Strategy

I evaluate impacts of transmission expansion at project level, and on cross-border out-
comes only. More specifically, I analyze effects on absolute value of net physical flows, | f; j |,
and on absolute value of price differences, |p; —p;|. In both cases, the absolute value elim-
inates issues related to seasonal changes in directions (and thus signs). The timing of these
seasonal changes might be potentially coincident with treatment, but there is no theoretical
reason for transmission expansion to affect the direction of flows or price differences. Using
the raw value of the dependent variable would thus result in biased estimates.

The regression specification is identical to the specification for cross-border outcomes in
Chapter 2, Eq. 2.6. I estimate impacts of each interconnection separately, using data for the

two bidding zones involved. The general specification is:

Yiji = B1Post; ji + BoDjt + B3Dj s + o; X + aj Xy
(3.2)
+ 11 PCoalgyy + v2PGasggy + houry + dowy + &4

where ¢t denotes date-hour, i, and j are the alphabetically first, and second bidding zones
involved, respectively, d(t) is the date component of ¢, y; is the outcome of interest, Post; j;
is an indicator variable for post line commissioning, Dj; is demand in bidding zone k at
time ¢, X is a vector of weather controls, PCoalyy), and PGasgy) are the coal, and
natural gas price indexes, respectively for date d(t); hour:, and dow; are the hour of day,
and day of the week fixed effects, respectively, and &; is the unobserved heterogeneity. The
parameter of interest is 31, which represents the change in y; ;; after commissioning of the
new transmission line.

Since there is less than a year between commissioning of the two parts of the Savoie
Piemont project, I separately include each part in the specification. We can think of 5y
and Postrr r—NoRrTH,t as about vectors, so the right hand side of the regression related

to treatment becomes
51711 (t > 2022—11—07) + ,6’1721 (t > 2023—08—04)

where 31 1, and B 2 correspond to effects of the first, and second part of the Savoie Piemont
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line, respectively.
3.2.1 Bidding Zone Level Controls

The bidding zone, control area and country borders do not align for all the projects in
Table 3.1 as they did in case of the Spain - France interconnection analyzed in Chapter 2.
Consequently, I utilize controls at bidding zone level whenever available, because they de-
termine or proxy for determinants of prices and flows during market clearing. The bidding
zones are sufficiently large in all instances, so I am not concerned about one of the bidding
zones connected by the line only serving as a transit point of trade between other bidding
zones. A general detailed description of the controls is in Section 2.4.

The weather data I am using is at country level. Consequently, I use the weather for
Italy as a control for the Italy North (IT-NORTH) bidding zone. Since the bidding zones on
both sides of the SouthWest Link are in Sweden, I only include weather in Sweden once as
a control when estimating the regression for effects of the SouthWest Link. The Germany
- Luxembourg bidding zone includes two countries, so I define the baseline linear weather

controls in this case as a weighted average:
TDELUt = 0~2537DE,15 + 0‘751‘LU¢

I then calculate all the multiplicative and non-linear weather controls using the transformed

data®.

3.2.2 Sample Specification

Since electricity demand, generation, and thus trade follow seasonal patterns the data
time frame I use for estimation must be sufficiently long on each side of line commissioning
date to capture the true average affect of the transmission expansion. At the same time,
the time frame cannot contain other events with potential impacts on market outcomes.
To balance these two potential sources of bias, I only include data going one year before,

and after the commissioning date (two years total) in my main analysis sample. Further

5 The weather data is available at a more granular level too, so I could match weather data to bidding zone
boundaries more closely.
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reasoning behind selecting this sampling window is in Section 2.3.1.

Furthermore, I exclude 30 days on each side of the commissioning date (60 total), which
I refer to as a donut window. This helps to avoid bias resulting from any preparatory and
maintenance work commonly conducted right around the commissioning date, as well as
from making the additional capacity available to the markets only gradually rather than at
once.

For the Savoie Piemont project, I only use the donut window for the first part of the
line. I set the start of the sampling window to 12 months before the commissioning of the
first link. I set the end of the sampling window to the last time period I observe in the data,

which is less than 12 months after commissioning of the second link.

3.2.3 Addressing Coincident Fuel Price Changes

The projects that I am analyzing have all entered service between November 2020 and
August 2023. Consequently, the period of the rapid increase in, and of subsequently very
high fuel prices described in Section 3.1.3 coincides with the post treatment period for the
Hungary - Slovakia, and Southwest Link projects nearly perfectly, and with the tail end in
case of the ALEGrO interconnection. The sharp drop in fuel prices starts right around the
time when the first part of the Savoie Piemont project enters service.

While fossil fuel prices are important in determining electricity prices, and electricity
market outcomes in general, I am concerned how the unprecedented changes and levels of
fuel prices within my sample can affect estimates for impacts of the transmission expansion.
The linear model in Eq. 3.2 might attribute impacts of the transmission expansion to changes
in fuel prices, and vice versa. Note that since natural gas and coal prices are set at a global
level, commissioning of these new electricity transmission interconnections cannot influence
fuel prices. Fossil fuel prices nearly always impact marginal costs of electricity generation,
and thus wholesale prices and flows.

Given the linear model, and the fact that my estimation strategy relies on the high

frequency time series variation in the data, I utilize two solutions to mitigate the potential
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bias. First, I estimate the regression from Eq. 3.2 both with and without fuel prices included.

Second, I use a 24 months long sampling window on each side of treatment date.
3.3 Results and Discussion of Projects

I present the results for nominal and relative impacts of transmission expansion on
absolute value of physical cross border flows, as well as for nominal impacts on absolute day
ahead price differences, at a project level. I also discuss summary data for and background

of each interconnection. Each project has a subsection dedicated to it.

3.3.1 ALEGrO Project between Belgium and Germany

The Aachen Liege Electricity Grid Overlay (ALEGrO) project is a HVDC inter connec-
tor between Oberzier in Germany and Lixhe in Belgium. Oberzier is located in the German
control area governed by Amprion. The line is approximately 90km long, and it connects
to existing 380kV AC lines at both ends. ALEGrO is the first direct electricity transmis-
sion connection between Belgium and Germany. Prior to ALEGrO the two countries were
connected only through third countries - France, Luxembourg, and the Netherlands. I con-
sider the commissioning date of the interconnection to be 2020/11/18 - the day the capacity
became available in day ahead markets.

It is important to note that Germany (all of its three control areas) and Luxembourg
form one bidding zone. The Germany - Luxembourg bidding zone had been directly con-
nected with Belgium only through one 220kV AC interconnection, between Luxembourg and
Belgium. The low capacity prior to expansion is also evident from flows across the border
shown in Table 3.2. While mean absolute hourly flows were 23.74 MWh in the year prior
to expansion, the median absolute flows were 0.06 MWh per hour. It appears that the line
was frequently down in the pre-expansion period. The mean and median flows increased to
approximately 480 MWHh in the year after the expansion.

Mean absolute hourly price differences more than doubled after the expansion. The
increase was even larger in the right tail of the distribution. Mean hourly electricity prices

in both countries increased from around 32 EUR/MWh to approximately 85 EUR/MWh
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Table 3.2: Flow and Price Summary Statistics for the ALEGrO Project (BE and DE_LU)

Variable Period Mean Sd Percentile
1st 10th  50th 90th 99th

Prices [EUR/MW)]

PBE.t Pre 32.98 15.38 1.71 16.60 32.54 51.11 70.67
PBEt Post 89.51 55.42 0 42.00 75.04 176.63 265.77
PDE LUt Pre 32.39 15.36 -2.98 16.98 32.40 49.50 69.26
PDE LUt Post 85.61 51.41 0.09 41.01 73.08 159.74 262.08
Price Differences [EUR/MWH|

ppE Lui—psEsd  Pre 337 562 0 0 047 1058 24.84
’pDEiLU,t — pBE,t‘ Post 7.58 18.62 0 0 0 22.53 100.47
Cross-border Flows [MWh]

|fBE,DE_LU,t’ Pre 23.74 56.41 0 0.05 0.06 105.37 242.82
’fBE,DE_LU,t’ Post 480.75 326.43 9.12 80.74 428.12 947.13 1,186
Fuel Prices

PCOald(t) Pre 44.58 3.88 36.29 39.33 44.28 49.29 53.77
PCOGld(t) Post 94.49 42.03 51.96 54.52 81.09 147.05 204.48
PGasd(t) Pre 8.78 3.37 3.42 4.72 8.90 13.48 15.77
PGasd(t) Post 38.07 24.04 16.00 17.62 26.95 80.04 102.24

Observations are for weekdays at hourly level, except for fuel prices which are at daily level.

The time periods for Pre/Post expansion align with my main analysis sample. The Pre expansion period
is 2019/11/19 - 2020/10/19. The Post expansion period is 2020/12/18 - 2021/11/18 see Section 3.2.2 for
further details. The line was commissioned on 2020/11/18.

Coal prices are in EUR/t, natural gas prices are in EUR/MWh.

after the expansion. This reflects the exogenous increase in fossil fuel prices - mean daily
natural gas, and coal prices were 5, and 2 times higher, respectively, in the year after the
project was commissioned compared to the year before.

The impacts of increased transmission capacity on cross-border flows and price differences
between the Belgian, and Germany - Luxembourg bidding zones estimated based on Eq. 3.2
are in Table 3.3. Columns 1 and 2 use a sampling window of 1 year before and after
commissioning of the line, while columns 3 and 4 use a two year window on each side. The
regression specification for columns 1 and 3 does not control for fossil fuel (natural gas and
coal) prices. Fossil fuel prices are included as controls in columns 2 and 4.

Panel A shows the impact on absolute cross-border flows. Based on the coefficient in

column 2 the hourly absolute cross-border flows increased by 498 MWh due to the trans-
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Table 3.3: Effects of the ALEGrO Project (BE and DE_LU)
(1) (2) (3) (4)

Window Length +/- = 1 year +/- &~ 2 years

Donut Window Days +/- 30

Sample Window 2019/11/19 - 2021/11/18 2018/11/19 - 2022/11/18

Controls:

Fuel Prices No Yes No Yes

Load and Weather Yes Yes Yes Yes

Panel A - Nominal Changes in Flows

Dependent Variable |\fBE.DE—LUt| [MWh]

1(t > 2020-11-18) 448.9%** 497.9%** 507.5%** 467.3***
(22.85) (33.28) (15.74) (24.22)

Observations 11,474 11,474 24,002 24,002

Adjusted R? 0.501 0.512 0.533 0.538

Within Adjusted R? 0.500 0.511 0.533 0.537

Panel B - Changes in Price Differences

Dependent Variable \ppE—LU+ — PBEL [EUR/MWh]

1(t > 2020-11-18) 4.471%** -2.555 12.28*** 1.608
(1.383) (1.566) (1.768) (1.731)

Observations 11,474 11,474 24,002 24,002

Adjusted R? 0.072 0.172 0.105 0.169

Within Adjusted R? 0.063 0.163 0.099 0.163

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly

level.

Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the analysis sample. Window Length is the approximate length
of the sample window on each side of treatment date. Donut Window Days stands for the
number of days excluded from the analysis sample on each side of the treatment date.

mission expansion. I believe that column 2 is the best specification for this project, because
the post-commissioning part of the sample includes only the very beginning of the period
with extremely high fossil fuel prices. I do not compute relative impacts of the ALEGrO
project on cross-border flows due to a very high number of hours with flows equal to zero
prior to commissioning of the project.

Impacts on the absolute difference in day ahead prices between the Belgian, and Germany
- Luxembourg bidding zones are in Panel B of Table 3.3. The estimates from regressions
with fossil fuel prices included are statistically insignificant from zero. On the other hand,

if I do not control for fossil fuel prices (columns 1 and 3), I obtain statistically significant
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increases in day-ahead price differences.

3.3.2400kV Hungary - Slovakia Project

The 400kV Hungary - Slovakia Project consists of three components - a reinforcement of
an existing internal line in Slovakia, a new cross-border line in western parts of Slovakia and
Hungary running largely parallel with an existing interconnection, and another new cross-
border line in the central part of the border. The new lines operate at 400kV AC and connect
to existing substations. The need to reinforce cross-border transmission capacity between the
two countries had been known for a long time before the decision to construct the new lines
was made. Historically, power had flowed from Slovakia to Hungary, in particular during
times of high renewable generation in Slovakia and in neighboring countries. Indeed, the
insufficient interconnection capacity was cited as the dominant reasons for a temporary stop-
order for deployment of grid scale solar and wind generation in Slovakia prior to construction
of the interconnection (Konic¢ek, 2018).

The project was commissioned, and the cross-border capacity available for trade in elec-
tricity markets was increased, after multiple delays, on 2021/04/05. This project is a prime
justification of using the donut window around the commissioning date. The commissioning
date fell on Easter Monday, a period of major holidays in both countries. While it might be
a pure coincident, two new nuclear reactors were under construction in Slovakia since the
late 2000s. The first unit started commercial operations in 2022, after long delays, while the
second unit is currently scheduled to start generating electricity in 2026. These two units
will cement the status of Slovakia as a net exporter of electricity.

During the pre-expansion period of analysis, between 2020/04/05 and 2021/03/06, the
mean and median, day ahead electricity prices were 44.76 and 42.44 EUR/MWh, respec-
tively, in Hungary, and 41.35 and 39.91 EUR/MWh, respectively, in Slovakia, as shown
in Table 3.4. The post expansion period, between 2021/05/05 and 2022/04/05, mean and
median prices jumped to 176.90 and 160.92 EUR/MWh in Hungary, and 163.47 and 134.70

EUR/MWh in Slovakia. While, median absolute day ahead hourly price differences were
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Table 3.4: Flow and Price Summary Statistics for the 400kV HU-SK Project (HU and SK)

Variable Period Mean Sd Percentile
1st 10th 50th 90th 99th

Prices [EUR/MWh]

PHU Pre 4476 1915  9.68  23.34 4244 67.97 108.90
PHU Post 176.90 95.97 49.12 73.07 160.92 301.10 471.09
DSK,t Pre 41.35 18.15 3.33 20.50 39.91 64.10 96.52
PSK,t Post 163.47 96.26 45.13 69.87 134.70 295.52 471.09
Price Differences [EUR/MWh)|

psk¢—puvel  Pre 352 765 0 0 0 1145 33.72
‘PSK,t — pHU,t’ Post 13.43 28.56 0 0 0 48.95 132.32
Cross-border Flows [MWh]

| fru,sk.l Pre 93851 392.03 7594 41677 936.99 1451 1,858
|\ frv.sx.t] Post 1432 53179 110.76 690.56 1,469 2,070 2,540
Fuel Prices

PCO&ld(t) Pre 46.79 6.06 36.29 39.33 45.01 56.16 58.46
PCOCle(t) Post 143.06 62.87 68.24 84.31 126.73 227.59 394.30
PGasd(t) Pre 11.18 5.53 3.42 4.72 11.36 18.99 21.90
PGasd(t) Post 71.68 35.82 24.77 27.80 74.90 108.75 189.59

Observations are for weekdays at hourly level, except for fuel prices which are at daily level.

The time periods for Pre/Post expansion align with my main analysis sample. The Pre expansion period
is 2020/04/05 - 2021/03/06. The Post expansion period is 2021/05/05 - 2022/04/05 see Section 3.2.2
for further details. The line was commissioned on 2021,/04/05.

Coal prices are in EUR/t, natural gas prices are in EUR/MWh.

equal to 0 Euros per MWh in both periods, the mean increased from 3.52 to 13.43 EU-
R/MWh. The mean and median absolute hourly electricity flows between the two countries
increased from approximately 940 MWh in the year prior to expansion to about 1,400 MWh
in the year after.

Results for the regression analysis of the expansion’s impacts are in Table 3.5. Panel A
of the table presents results for nominal impacts on absolute cross-border flows. Using my
main sample specification, with one year of data on each side of the commissioning date,
the project increased cross-border flows by statistically significant 461 MWh for an average
hour, if I do not control for fossil fuel prices (in column 1), and by statistically insignificant
195 MW, if I control for fuel prices. The corresponding relative increases in absolute hourly

flows, in Panel B, are 48%, and 3%, respectively.
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Table 3.5: Effects of the 400kV HU-SK Project (HU and SK)

(1) (2) (3) (4)
Window Length +/-~ 1 year +/- &~ 2 years
Donut Window Days +/-30
Sample Window 2020/04/05 - 2022/04/05 2019/04/06 - 2023/04/05
Controls:
Fuel Prices No Yes No Yes
Load and Weather Yes Yes Yes Yes
Panel A - Nominal Changes in Flows
Dependent Variable |fru.skt| [MWh]
1 (t > 2021-04-05) 461.0*** 195.1 373.1*** 347.2%%*
(68.56) (160.5) (48.89) (88.89)
Observations 11,497 11,497 24,001 24,001
Adjusted R? 0.407 0.434 0.340 0.342
Within Adjusted R? 0.394 0.422 0.321 0.323
Panel B - Relative Changes in Flows
Dependent Variable log (| fru,sk,|) [log-points]
1 (¢t > 2021-04-05) 0.3938"** 0.0311 0.2984*** 0.2005*
(0.0821) (0.1970) (0.0586) (0.1079)
Observations 11,497 11,497 24,001 24,001
Adjusted R? 0.286 0.319 0.229 0.234
Within Adjusted R? 0.272 0.306 0.213 0.218
Panel C - Changes in Price Differences
Dependent Variable \psi.+ — prut| [EUR/MW L]
1 (¢t > 2021-04-05) 9.508*** 9.105** 3.104* 5.561**
(2.552) (4.244) (1.865) (2.747)
Observations 11,497 11,497 24,001 24,001
Adjusted R? 0.100 0.106 0.057 0.065
Within Adjusted R? 0.082 0.089 0.039 0.048

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly
level.

Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the analysis sample. Window Length is the approximate length
of the sample window on each side of the treatment date. Donut Window Days stands for the
number of days excluded from the analysis sample on each side of the treatment date.
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I believe that the discrepancy between the results using the specifications with and
without fossil fuel prices as controls is caused by three factors. First, no matter what, the
flows are bounded from above by the capacity of the transmission interconnection. Second,
the fossil fuel prices in the post-expansion period are significantly higher than in the pre-
expansion period across the entire distribution as shown in Fig. 3.2 and Table 3.5. The
range and variation in fossil fuel prices is thus much greater after the expansion, and there
are virtually no hours with remotely close fossil fuel price levels in the pre-expansion period.
This makes the two periods far from ideal comparison groups. I believe that in column 2,
the linear regression model thus falsely attributes a large part of the increase in flows to the
jump fossil fuel prices, rather than to commissioning of the transmission project. In other
words, absent the bound on flows, the coincident jump in fossil fuel prices would predict a
much greater increase in flows.

I believe that the extremely high fossil fuel prices also explain the statistically significant
9.11 EUR/MWh increase in hourly absolute day ahead price differences caused by the ex-
pansion within a year of commissioning, presented in Table 3.5, Panel C, Column 1. While
transmission expansion causing an increase in price differences is theoretically possible in
networks with loop flows, it is highly unlikely. The magnitude of the estimated increase is
also puzzling. In my opinion, one of the reasons might be that the price differences are more
sensitive to changes in factors unaccounted for in my linear model from Eq. 3.2 given that
the extremely high fossil fuel prices are going to result in much steeper marginal costs and
thus bidding curves. The fact that the coefficients in columns 3 and 4 from regressions with
data spanning two years before and after commissioning are lower to some extent validates
my hypothesis. Fossil fuel prices and price differences both decrease during that the second

year after commissioning, thus forming a better comparison to pre-expansion levels.

3.3.3 SouthWest Link Project between SE3 and SE4

Wholesale electricity markets in Sweden consist of four latitudinal bidding zones. The

SouthWest Link is an HVDC interconnections between the two southern most bidding zones,
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SE3 and SE4. The SE4 zone runs from the southern tip of Sweden to the south of Gothen-
burg, the second largest city in Sweden. Stockholm is approximately in the middle of the
SE3 bidding zone.

SouthWest link runs approximately 250km from Barkeryd, just east of Jonkoping in
central Sweden, to Hurva, which is about 30km northeast of Malmo in southern Sweden.
The project consists of two parallel links, each with capacity of 600MW, although the AC-DC
converter stations are rated at 720MW. The main goal of the project was to allow for import
of electricity to southern Sweden, which had been experiencing higher electricity prices than
the rest of the country due to a lower relative installed generation capacity . The project
was subject to countless delays due to technical issues with the HVDC cables. Initially, both
links were slated to be commissioned in 2015. The lines finally began commercial operations
on 2021/07/27.

In the year prior to commissioning of the project, mean day ahead electricity prices were
equal to 39.31 EUR/MWh in SE3, and to 47.09 EUR/MWh in SE4, as shown in Table 3.6.
The median price was essentially equal to mean in both locations. In the year following the
commissioning, the mean prices were 112.20 EUR/MWh, and 138.20 EUR/MWHh, in SE3,
and SE4, respectively. Median prices were about 12 EUR/MWh lower than mean in both
locations during the post-expansion period. Interestingly, even though the median absolute
hourly day ahead price differences were equal to 0 EUR/MWh both before and after the
expansion, the mean was 7.78 EUR/MWh before the expansion, and 26.02 EUR/MWh
afterwards.

The mean hourly absolute cross-border physical flows between the two Swedish bidding
zones were equal to 3,390 MWh, and 3,629 MW, in the pre and post commissioning periods,
respectively, with median flows approximately 120 MWh higher. Similarly to the 400kV
Hungary - Slovakia project discussed in Section 3.3.2, the commissioning date falls right at
beginning of rapidly increasing fuel prices. Indeed, the means of daily natural gas, and coal
price indexes are approximately 5, and 4 times higher during the post expansion part of the

sample than in the pre expansion part.
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Table 3.6: Flow and Price Summary Statistics for the SouthWest Link Project (SE3 and
SE4)

Variable Period Mean Sd Percentile
1st 10th 50th 90th 99th

Prices [EUR/MWHh]|

PSE3t Pre 39.31  24.66 1.39 1091  38.65 67.21 111.18
PSE3t Post  112.20 86.75 1.60 14.29 100.54 214.44 400.10
PSE4t Pre 47.09 2588 1.39 1598  46.67 78.13 118.74
PSE4t Post  138.20 96.74 1.59 16.14 126.72 261.14 439.73
Price Differences [EUR/MW|

PsEa; —psgss  Pre 778 1359 0 0 0 2810 5548
|psEat — psEse| — Post 26.02  51.32 0 0 0 94.26  236.30
Cross-border Flows [MWh]|

|fsEs,sEat Pre 3390 84561 1,014 2331 3,528 4398 4,838
| fsm3.sma.l Post 3,629 89436 1051 2477 3746 4747 5,156
Fuel Prices

PCoalyy Pre 55.92 1210 40.75 4395 54.15 7253 9131
PCoalyy Post  214.02 87.86 103.76 116.30 187.38 347.46 394.30
PGas g Pre 17.19 6.05 5.05 9.54 16.91  25.86 31.59
PGas g Post 99.23 3239 4924 6995 91.00 151.20 198.98

Observations are for weekdays at hourly level, except for fuel prices which are at daily level.

The time periods for Pre/Post expansion align with my main analysis sample. The Pre expansion period
is 2020/07/27 - 2021/06/27. The Post expansion period is 2021/08/26 - 2022/07/27 see Section 3.2.2 for
further details. The line was commissioned on 2021/07/27.

Coal prices are in EUR/t, natural gas prices are in EUR/MWh.

Without controlling for fuel prices, I show in columns 1 and 2 of Table 3.7, Panel A, that
the SouthWest Link results in a 382 MWh, and a 463 MWh, increase in absolute hourly
cross-border flows between SE3 and SE4 bidding zones, with the one, and two year sampling
windows on each side of treatment, respectively. The corresponding relative impacts, in
Panel B, show a highly statistically significant increase of 12%, and 18%, depending on
sample specification.

If the regression includes controls for fuel prices, then the corresponding coefficients
based on the shorter sampling window (in column 2) show that SouthWest Link caused a
502.3 MWh, or 15.4%, decrease in absolute hourly flows between the two price zones. While

both coefficients are statistically significant at the 1% level, I believe that in these particular
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circumstances, with a massive jump in fuel prices, the regression controlling for fuel prices
is not the correct specification to estimate impacts on flows. Flows respond to the difference
in marginal generation costs between the two areas, which I use fuel prices as a proxy for.
However, the large change in fuel prices between pre and post expansion periods is no longer
a good proxy for the change in difference between marginal generation costs of the two areas.
The flows physically cannot change as much as the change in fuel prices would predict, thus
resulting in negative coefficient on treatment.

If I increase the length of the sampling window on each side of treatment to 2 years, the
impacts on absolute hourly flows when controlling for fuel prices (in column 4) correspond
to an increase of 279 MWh, or 11.3%. I believe that the decrease in fossil fuel prices in the
second year following the commissioning mitigates some of the issues present in the shorter
sampling window, because it contains periods of more comparable fuel price levels on each
side of treatment - higher fossil fuel prices in 2019 than in 2020, and lower prices in 2023
compared to 2022.

When controlling for fuel prices, I obtain in Table 3.7, Panel C, that the transmission
expansion between SE3 and SE4 results in a statistically insignificant increase of 4.95 EU-
R/MWh in hourly day ahead price differences with a 1 year sampling window, and a 9.89
EUR/MWh increase with the 2 year sampling window, which is statistically significant at
the 10% level. Again, I believe that the linear model and an identification strategy based
on time series variation is not well suited for estimating the impact of the transmission
expansion on price differences in a situation with an extremely large change in fossil fuel
prices resulting in a large jump in electricity prices, and thus price differences. This case also
highlights how important the right tail of distributions is in electricity research - absolute
price differences between SE3 and SE4 are greater than zero less than 40% of the time, both

before and after the expansion.
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Table 3.7: Effects of the SouthWest Link Project (SE3 and SE4)

(1) (2) (3) (4)

Window Length +/-~ 1 year +/- &~ 2 years
Donut Window Days +/-30
Sample Window 2020/07/27 - 2022/07/27 2019/07/28 - 2023/07/27
Controls:
Fuel Prices No Yes No Yes
Load and Weather Yes Yes Yes Yes
Panel A - Nominal Changes in Flows
Dependent Variable | fsE3,sEadl [MWA]
1 (¢t > 2021-07-27) 382.2%** -502.3*** 462.5%** 278.9**

(105.5) (156.1) (75.65) (109.8)
Observations 11,493 11,493 23,997 23,997
Adjusted R? 0.240 0.308 0.267 0.276
Within Adjusted R? 0.226 0.296 0.235 0.243

Panel B - Relative Changes in Flows
Dependent Variable log (| fsE3,5E4.]) [log-points]

1(t>2021-07-27)  0.1137***  -0.1671"*  0.1689***  0.1072**
(0.0342) (0.0582) (0.0289) (0.0416)

Observations 11,489 11,489 23,992 23,992

Adjusted R? 0.160 0.203 0.189 0.193

Within Adjusted R? 0.143 0.187 0.149 0.153

Panel C - Changes in Price Differences

Dependent Variable | DPSE4t — pSEB,t’ [EUR/MW h]

1(t > 2021-07-27) 19.95*** 4.951 19.54*** 9.893*
(3.875) (8.445) (3.250) (5.407)

Observations 11,493 11,493 23,997 23,997

Adjusted R? 0.166 0.185 0.139 0.148

Within Adjusted R? 0.152 0.171 0.127 0.137

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly
level.

Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the analysis sample. Window Length is the approximate length
of the sample window on each side of the treatment date. Donut Window Days stands for the
number of days excluded from the analysis sample on each side of the treatment date.
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3.3.4 Savoie Piemont Project between Italy and France

The Savoie Piemont project is an HVDC interconnection between northwest Italy and
southeast France. It links the Piossasco substation in Turin on the Italian side with the
Grande-Ile substation in Sainte-Helene du Lac on the French side. The line terminates
in the Italy - North bidding zone (Italy is one of a few European countries with multiple
bidding zones), which I use as the relevant unit of observation. The interconnection is 190km
long. The project consists of two separate parallel lines, each with capacity of 600 MW. The
interesting part of this project is that the two lines have separate owners. One of the lines
is owned by the French and Italian TSOs, RTE and Terna, respectively. The second line is
privately owned and financed. The first line was commissioned on 2022/11/07. The second
line was commissioned on 2023/08/ 04. Previously the two countries were connected by two
380kV AC interconnections, and a 220kV AC interconnection.

Since the project consists of two lines commissioned on different dates, I make several
changes to the specification. I define the pre-expansion period of the sample the same
way as for other projects, a year before the commissioning of the first line, or 2021/11/07
to 2022/10/08. The post expansion period is 2022/12/07 to 2024/03/18, where the end
point corresponds to the current end of my data. Consequently, the post expansion pe-
riod stretches approximately 16, and 7 months after commissioning of the first, and second
line, respectively. I include a seperate indicator for post commissioning of each line in the
regression. Further details are in Section 3.2.

The mean and median pre-expansion hourly absolute flows, presented in Table 3.8,
amounted to 1,449 MWh, and 1,511 MWh. The post expansion mean and median flows
increased to 2,081 MWh, and 2,188 MWh, respectively. Since the pre-expansion period
falls entirely in the period of very high fuel prices, the mean hourly day ahead wholesale
electricity prices in the French, and I'T-NORTH bidding zones were extremely high, 307.38
EUR/MWHh, and 329.87 EUR/MWHh, respectively. Median prices were approximately 40

Euros per MWh lower than mean prices in both bidding zones. In the post expansion pe-
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Table 3.8: Flow and Price Summary Statistics for the Savoie Piemont Project (FR and
IT-NORTH)

Variable Period Mean Sd Percentile
1st 10th 50th 90th 99th

Prices [EUR/MWh]

PFRt Pre 30738 137.33 9144 176.27 267.99 506.94 745.34
DFRt Post  107.49  69.48 0.08 49.30  97.22 163.58 472.70
DIT-N,t Pre 329.87 135.90 156.86 198.99 283.43 529.99 750.00
PIT-Nt Post 13540 60.62 59.61  89.00 120.98 192.32 456.76
Price Differences [EUR/MWh)|

|pIT—Nt — PFRt] Pre 24.13 3841 0 0 3.40 75.00  165.00
lprr—~nt —prrtl  Post  29.00  30.89 0 0 21.17  68.99 138.26
Cross-border Flows [MWh]|

| fFRIT—N 4| Pre 1,449 766.93 36.57 332.00 1,011 2,443 2,933
| frRIT—N.t| Post 2,082 811.39 71.06 890.20 2,188 3,054 3,512
Fuel Prices

PCoaly Pre 25247 93.60 103.76 118.62 278.90 367.18 403.25
PCoalyy) Post 11588 27.16 84.24 90.39 109.16 149.29 220.64
PGasg Pre 125.87 51.78  70.04 7830 101.83 200.00 275.76
PGas g Post 4224  20.25 2345 2637 37.15 60.50 139.17

Observations are for weekdays at hourly level, except for fuel prices which are at daily level.

The time periods for Pre/Post expansion align with my main analysis sample. The Pre expansion period
is 2021/11/07 - 2022/10/08. The Post expansion period is 2022/12/07 - 2024/03/18 see Section 3.2.2 for
further details. The individual lines making up the project were commissioned on 2022/11/07, 2023,/08,/04.
Coal prices are in EUR/t, natural gas prices are in EUR/MWh.

riod, mean prices decreased to 107.49 EUR/MWh in France, and to 135.40 EUR/MWh in
the IT-NORTH bidding zone, with median prices about 10 EUR/MWh lower.

The mean and median absolute hourly day ahead price differences were 24.13 EU-
R/MWh, and 3.4 EUR/MWHh, respectively, in the year prior to the first line being com-
missioned. Interestingly, despite the decrease in country-level electricity prices as well as in
fossil fuel prices during the post expansion period, both mean and median absolute price
differences increased, to 29.00 and 21.17 EUR/MWh, respectively. The 90th and 99th per-
centiles of price differences decreased in the post expansion period. In general, prices in
France were lower than in Italy throughout my sample, so outages in French generation

are unlikely to have contributed to the increase. However, periods of persistently high price
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differences in December 2023 and 2024 were accompanied by a drop in flows. An unobserved
transmission outage thus might have contributed to the increase in price differences®.

Results of regression analysis for the project are in Table 3.9. None of the coefficients
for post-commissioning of the second part of the project are statistically significant. Fur-
thermore, the vast majority of these coefficients are not substantively significant, either.
Consequently, I am confident to say that I do not find any additional significant effects of
the second line, in addition to the effects of the first line.

The first part of the project increased absolute hourly electricity flows across the border
between the French and the IT-NORTH bidding zones by 532 MWHh, if I use the sample
window going one year prior to commissioning of the line, irrespective of whether I control
for fuel prices or not. If I expand the pre-commissioning window to November 2020, the
coefficient, in Panel A columns 3 and 4, decreases to 344.5 MWh, and 246.2 MWh, without
and with fuel price controls, respectively. The transmission expansion leads to a slightly
above 60% increase in absolute hourly flows with the shorter sample window. Depending
on what I control for, I obtain a 23 to 34% increase in flows with the longer window. Unless

I use the longer window and control for fuel prices, I do not obtain any significant impacts

on price differences across the border between the French and IT-NORTH price zones.

6 Similar situation also occurred in previous years, but the spike in price differences does not appear to be
as long and as big.
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Table 3.9: Effects of the Savoie Piemont Project (FR and IT-NORTH)

(1) (2) (3) (4)

Window Length +/- = 1 year +/- & 2 years

Donut Window Days +/-30

Sample Window 2021/11/07 - 2024/03/18 2020/11/07 - 2024/03/18

Controls:

Fuel Prices No Yes No Yes

Load and Weather Yes Yes Yes Yes

Panel A - Nominal Changes in Flows

Dependent Variable |f FR,IT—NORTH,t’ [MW h]

1(t > 2022-11-07) 532.4*** 533.1*** 344.5%** 246.2**
(117.9) (177.7) (102.2) (100.6)

1 (t > 2023-08-04) 47.94 6.646 9.951 -72.25
(124.4) (123.4) (125.3) (128.4)

Observations 13,765 13,765 20,005 20,005

Adjusted R? 0.402 0.424 0.343 0.388

Within Adjusted R? 0.386 0.408 0.321 0.367

Panel B - Relative Changes in Flows

Dependent Variable log (| frr,i7—NORTH,|) [log-points]

1(t > 2022-11-07) 0.4726*** 0.4902*** 0.2973*** 0.2075***
(0.1052) (0.1708) (0.0832) (0.0779)

1 (t > 2023-08-04) 0.0050 -0.0411 -0.0277 -0.1095
(0.0922) (0.0869) (0.0930) (0.0927)

Observations 13,719 13,719 19,958 19,958

Adjusted R? 0.313 0.349 0.267 0.320

Within Adjusted R? 0.303 0.339 0.253 0.308

Panel C - Changes in Price Differences

Dependent Variable |pIT—NORTH,t - pFR,t| [EUR/MW h]

1(t > 2022-11-07) -4.802 2.950 2.247 5.670*
(3.614) (5.234) (3.547) (3.002)

1 (t > 2023-08-04) 2.295 3.443 2.051 4.090
(3.913) (3.530) (4.182) (3.730)

Observations 13,765 13,765 20,005 20,005

Adjusted R? 0.281 0.290 0.264 0.300

Within Adjusted R? 0.260 0.269 0.244 0.280

Significance Codes: ***: 0.01, **: 0.05, *: 0.1 . Observations are for weekdays at hourly level. Driscoll-
Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample Window is the time span
of the analysis sample. Window Length is the approximate length of the sample window before the first,
and after the second treatment date. Donut Window Days stands for the number of days excluded from the
analysis sample on each side of the first treatment date.
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3.4 Conclusion

In this chapter, I analyzed impacts of four cross-border transmission projects, one of
which consists of two distinct parts, on physical cross-border electricity flows, and on cross-
border day ahead wholesale electricity price differences. Three of these projects are high
voltage direct current (HVDC) interconnections, and one is a 400 kV alternating current
(AC) interconnection. The analyzed investments are located in different parts of Europe.
The five lines were commissioned between November 2020 and August 2023.

These new lines connect bidding zones of different arrangements, from a large two country
bidding zone being connected to a smaller country level zone, to two within country bidding
zones being connected. I utilize the same empirical strategy as I use for analysis of impacts of
the HVDC interconnection between Spain and France in Chapter 2. My estimation strategy
relies on time series variation for every border analyzed.

The biggest challenge for the estimation strategy in this chapter, is a period of rapidly
changing and record high fossil fuel prices, and thus electricity prices as well, between the
second half of 2021 and the beginning of 2023. Note that since natural gas and coal prices
are set at a global level, commissioning of these new electricity transmission interconnec-
tions cannot influence fuel prices. Fossil fuel prices nearly always impact marginal costs of
electricity generation, and thus wholesale prices and flows.

However, the changes in, and levels of, natural gas and coal prices were very large, more
than an order of magnitude, during my analysis period and as well as relatively close to
commissioning dates of the projects. Consequently, the linear model combined with reliance
on time series variation struggled to disentangle the effects of the new interconnections from
effects of the unprecedented changes in fuel prices. In other words, the same interconnection
(border) before the line commissioning might not serve as a great comparison to the post
commissioning period. I try to mitigate these issues by including results without controlling
for natural gas and coal prices, and by extending the sampling window to 2 years on each

side of treatment.
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I find that all of the projects studied in this chapter result in a substantively and sta-
tistically significant increases in physical cross-border electricity flows. Perhaps, the only
exception is the second line of the Savoie Piemon project, for which I do not find any ad-
ditional increases in flows on top of the increase resulting from commissioning of the first
line. Hourly physical flows increase by 11 to 63% across the three projects for which I can
calculate relative changes. The nominal impacts on absolute hourly cross-border physical
electricity flows range from approximately 350 MWh to 530 MWHh.

All of the estimated impacts on flows are smaller than the 912 MWh, or 92.55%, increase
in flows caused by the HVDC interconnection between Baixas in France and Santa Llogaia
in Spain, I estimated in Section 2.5. Yet, the impacts for the interconnections studied in this
chapter are still large, and far greater than zero. Furthermore, transmission congestion was
much more prevalent in case of the Spain - France border than for any of the borders studied
here. Non-zero price differences are a sufficient indicator for transmission congestion. Prices
in the Spanish and French bidding zones were the same during 11% of hours in the year
preceding the commissioning of the new line. In contrast to that, median absolute hourly
price differences in the pre-expansion period were equal to 0 Euros per MWh for the 400kV
HU - SK, and the SouthWest Link projects, and 0.47 EUR/MWh, and 3.40 EUR/MWh for
the ALEGrO, and Savoie Piemont” projects, respectively.

As a result, my estimated impacts on flows show that transmission expansion is mean-
ingful even in cases when the interconnection experiences frequent congestion, rather than
persistent congestion. Furthermore, my results confirm the importance of the right tails of
distributions, or periods when the grid is under high strain, when studying and evaluating
electricity markets, as pointed out by Wolak, 2015.

The estimated effects of the transmission expansion projects on absolute cross-border
price differences are a little bit puzzling. For nearly all of the projects and specifications, I

either obtain effects that are either statistically indistinguishable from zero, or statistically

” Note that the pre-expansion period for the Savoie Piemont project is 2021/11/07 - 2022/10/08, so right
during the peak fuel prices.
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and substantively significant increases. I believe that when it comes to price differences it
is appropriate to include fossil fuel prices as controls, because, unlike physical flows, price
differences are unbounded. Typically, and especially for the shorter sampling window, the
magnitude of impacts on price differences is lower when the fuel price controls are included.

However, even with the fossil prices included, I think that my estimation strategy still
struggles to properly disentangle impacts of fossil fuel prices changes from the impacts of
transmission expansion on price differences. At the high level of fuel input prices, even a
small difference in generation efficiency or in available transmission capacity can lead to large
differences in prices. None of those factors are accounted for in my specification. Again, the
pre and post expansion periods might not provide the best counterfactual comparisons for
states of the world without and with expanded transmission capacity. Consequently, I am
hesitant to draw any conclusion about effects of transmission expansion on price difference
in case of these projects.

In summary, I show that transmission expansion has a large impact on physical electricity
flows across a variety of settings. I cannot draw definitive conclusions about impacts of
transmission expansion on wholesale electricity price convergence in case of these projects.
At the same time, I think that my results show an important point - that a before and
after difference in means analysis of policy impacts, which is common in many industry
and government evaluations, is valid only under stringent, and appropriate conditions, and
carefully selected models and control variables.

I think using a difference in means analysis is completely appropriate methodology in
case of the Spain - France interconnection in Chapter 2, and perhaps for the ALEGrO
interconnection in this chapter. The technique also has its merits when estimating impacts
on flows without fuel input price controls for additional interconnections in this chapter.
However, the difference in means estimation strategy might not be appropriate if there are
other large changes coincident with the studied event with impacts on the outcome of interest
for which the researcher cannot control well. The record braking changes in, and levels of,

natural gas and coal prices in case impacts of transmission expansion projects on wholesale
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electricity price differences in this chapter are a good example when such methodology
might not be the best choice. Using the fossil fuel prices as controls for exogenous changes

in marginal costs of electricity generation is no longer sufficient.
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4. Integration of Day Ahead Electricity Markets in
Europe

I study integration of European electricity markets through reduction of physical barri-
ers to electricity trade between bidding, or pricing, zones in Chapters 2 and 3. Irrespective
of the institutional setup of electricity market operations, or even of the generation dis-
patch mechanism utilized, and of how cross-border electricity trade is determined, available
electricity transmission capacity between any two locations physically limits, or presents a
physical upper bound, on the quantity traded between the two places. I explore the al-
locative efficiency gains from increasing cross-border transmission capacity in Chapters 2
and 3.

One of the key conditions for realizing the benefits of increased transmission capacity, or
of beneficial cross-border trade opportunities in general, is that the dispatch mechanisms in
the two areas exercise all available beneficial trade opportunities during market clearing. In
order to do so, market clearing in the two areas must be coordinated in real time. I discuss
in this chapter the integration of day-ahead market clearing in Europe, also known as Single
Day Ahead Market Coupling.

European countries have been using competitive day ahead wholesale electricity markets
to allocate electricity generation for some. However, the markets in each country were cleared
independently from each other until recently. Any cross-border trade in electricity between
countries, or bidding zones, was agreed upon bilaterally in advance, outside of the market
clearing process. Even if there was available transmission capacity between two places when
the markets cleared, a cheaper generator in one country might not have been dispatched to
export to the other country, and thus displace a more expensive generator there, due to the
markets in two countries not being jointly cleared. In other words, the day ahead market
clearing had not exploited any feasible and beneficial trade between the two countries. The
potential to dispatch (cheaper) generators from neighboring countries did not even enter the
market clearing mechanism.

Consequently, day-ahead market clearing could not induce any additional cross-border
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trade when the markets were cleared separately. In reality, situations when the bilaterally
agreed trade was inefficient, that is when the bilateral trade direction went in the opposite
direction of what would have been efficient during market clearing, were commonplace before
market integration.

One of the simplest explanations for why such situations could occur, is a difference in
system conditions anticipated at the time when the bilateral trade was agreed upon, and
at the time of day-ahead market clearing - for example in generation availability, fuel input
prices, demand levels, or transmission system outages. While the difference between antici-
pated system conditions at the time of day ahead market clearing and real-time conditions
during dispatch can also occur, it is reasonable to assume that the difference gets smaller as
the dispatch time nears.

If markets in two locations are cleared jointly, the market clearing mechanism essentially
minimizes combined electricity generation costs in both locations to meet the demand in
every location, subject to transmission and generation constraints. If the markets are cleared
separately, the market clearing mechanism minimizes the electricity generation costs in its
own area. In separately cleared markets, cross-border trade enters market clearing as a
pre-determined exogenous input. In jointly cleared, or coupled, markets cross-border trade
is endogenous to the mechanism - it is an output.

In a two location, or two node, set-up with integrated markets the market clearing
mechanism schedules generators from both places to generate in the merit order, or from
the cheapest to the most expensive, to meet the joint demand until the transmission capacity
is fully utilized. Once the transmission capacity is reached, residual demand in each location
is met by generators from that location. If there was zero transmission capacity available
between two coupled markets to begin with, the market outcome would correspond to the
market outcome from separately cleared markets. Similarly, the two market outcomes would
be the same if the same generators are scheduled to generate the same quantities under
separately cleared markets with bilateral trade as under joint market clearing. A similar

analogy could be applied in case of markets (networks) with more than two nodes, but loop
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flows make the market clearing significantly more complicated to explain intuitively.

Furthermore, marginal costs of electricity generation become steeper as quantity gener-
ated increases, so the additional benefits of trade can be particularly high when the system
is under considerable strain. Such conditions are frequently difficult to anticipate far in
advance. As a result, as long as the transmission capacity is non-zero, the market clearing
mechanisms must incorporate cross-border trade in order to reap the full benefits from trade.

An additional important feature of Single Day Ahead Coupling (SDAC) is that the
market implicitly allocates cross-border transmission capacity during clearing of day-ahead
power markets. In the simplest terms, the most beneficial cross border trades receive trans-
mission capacity during the clearing of power markets. Before introduction of SDAC trans-
mission capacity had been allocated explicitly outside of the power markets. Entities pur-
chased transmission capacity either in capacity auctions or through bilateral transactions.
Parties engaged in any cross-border bilateral trade in electricity (power) had to be in pos-
session of capacity to enable the trade. Note that, forward transmission capacity markets
are still in operation in Europe. Detailed discussion of capacity allocation is beyond the
scope of this chapter, although it is a very important and interesting area for research.

FEuropean day-ahead electricity markets, or power exchanges, are operated by so called
Nominated Electricity Market Operators (NEMO). Each EU member states designates at
least one NEMO to operate power markets in its territory. NEMOs are independent from
transmission system operators (TSO). NEMOs collect and verify bids and offers from market
participants.

Markets in the coupled area are cleared using a common algorithm. TSOs from the cou-
pled area supply transmission and system constraints as inputs to the algorithm. Relevant
NEMOs supply bids and offers. The algorithm then clears the markets using those inputs,
along with rules specific to each power exchange that is operating in the coupled region.
The market clearing outcome is then is then supplied to TSOs and NEMOs who carry it
out.

The evolution of day ahead market coupling was not completely linear in either geo-
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graphical, or time dimension. The first major coupling event took place in February 2014,
when most western European, all Scandinavian, and Baltic countries coupled their markets
through so called Multi Regional Coupling (MRC)®. Spain and Portugal joined MRC in May
2014. A separate coupling group, called the 4M Market Coupling (4M MC), was formed in
November 2014, consisting of Czech Republic, Hungary, Romania and Slovakia.

Further countries kept joining MRC over the following years. The next major coupling
step occured on 2021/06/17 when the MRC and 4M MC coupled their markets together,
forming a nearly EU wide Single Day Ahead Market Coupling. The last remaining border
joined the SDAC in June 2022.

June 2022 also marked a separate milestone for day ahead market operations in Europe,
when markets switched to using so called Flow Based Market Coupling (FBMC). Until then
capacity available for trade across each border was represented by a single number, called
net transfer capacity (NTC), rather than at individual line level. Furthermore, trade across
a particular border counted only against NTC for that particular border, even though in
the highly meshed European network a portion of any trade is likely to flow across multiple
borders. Trade of an area with its different neighbors can also affect the same network
element, such as a transmission line, but that was not taken into account in market clearing
under NTC based coupling.

Under FBMC a subset of the transmission system, so called critical network elements,
creates the constraints in market clearing. Critical network elements consist of all cross-
border transmission lines, as well as of internal lines (or other transmission equipment)
which are significantly impacted by cross-border trade between any two areas. Impact of
any cross-border trade, or really of the net position of every zone, on flows across all critical
network element will be taken into account in market clearing under FBMC. Consequently,
market outcomes under FBMC are more aligned with transmission network constraints than
under NTC based coupling. However, it is important to note that impacts of internal, within

bidding zone, trade on flows across any network elements is still not taken into account under

! According to some sources, some borders were already coupled prior to 2014 (Gugler et al., 2018).
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FBMC.

There are several other coupling initiatives, in addition to day ahead market coupling.
Real time markets, known as intraday markets in Europe, underwent a separate integration
process called Single Intraday Coupling (SIDC). Integration of balancing markets, which are
essentially markets for ancillary services, is still underway. However, these are independent
processes, and to a certain extent independent markets. The important factor is that day
ahead markets clear before real time markets, so there is no reason why coupling of real
time and balancing markets should have spillover effects on estimates of SDAC impacts.

The two publications most related to this chapter are Cicala (2022) and Gugler et al.
(2018). However, there are substantial differences between my paper and those two papers.
I study the shift from clearing wholesale electricity markets in each country separately to
jointly clearing the markets in all countries? Generation was dispatched based on wholesale
market outcomes in all areas I study even before market integration happened.

In contrast to this, the studied policy change in Cicala (2022) bundles two distinct treat-
ments together. One treatment event is the switch from generation being dispatched within
a control area by a central command and control authority (see Section 2.1 for further infor-
mation) to a wholesale market based mechanism. The second event is market integration,
that is the change from each area having its own dispatch mechanism to multiple areas being
covered by a single dispatch mechanism, happened at the same as the switch to a market
based dispatch. In summary, Cicala (2022) analyzes changes in allocative efficiency from
within area improvements in generation allocation in conjunction with impacts of improved
coordination of trade between areas. I only study impacts of changes in how cross-border
trade is determined. In my opinion, that is an important topic to study, because there are
still plenty geographically adjacent places around the world, which do not incorporate cross-
border in day ahead markets (including in the United States, and other markets in Europe).

Furthermore, moving to a joint market clearing across wide areas is a technologically and

2 1 use the word country, rather than bidding zone here, because there are several countries with multiple
bidding zones. Bidding zones within a country had been jointly cleared even before market coupling. Further
details about bidding zone arrangement are in Section 2.1.2.
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regulatory challenging, and costly undertaking.

In addition, Cicala (2022) studies market integration in the context of the United States.
My paper is investigating benefits of market integration in context of Europe. The Conti-
nental Europe Synchronous Area (CESA)? is the largest synchronous area in the world by
connected capacity. A handful of small countries which are part of CESA are not part of the
SDAC. However, SDAC contains Ireland, all Baltic and Scandinavian countries, which are
not part of CESA*. Consequently, I believe that area covered by SDAC forms the largest day
ahead electricity market in the world. Studying the effects of day ahead electricity market
integration in Europe is thus meaningful just due to shear size of the common market.

Gugler et al. (2018) are the closest paper to mine in terms of empirical setting and
the policy change studied. They study the impacts of day ahead market integration, in
selected European markets, on day ahead price co-integration (a measure of parallel price
movement) as well as on how the markets absorb shocks. However, the authors do not
conduct any welfare analysis of market coupling, which is the corner stone of my project.
Furthermore, due to the frequent occurrence of congestion across market borders in Europe,
co-movement of prices is only one of many measures that should be analyzed. In addition,
the authors only include a limited set of borders in their analysis. I am including all borders.
Last, but not least, Gugler et al. (2018) use data only until June 2015, despite the fact that
most couplings in their study occurred in 2014 and 2015. I am able to extend the data all
the way to presence and thus include a longer post-coupling period as well as more coupling

events.

3 The electricity system operates at a synchronized frequency within a synchronous area.

4 To be precise, Estonia, Latvia and Lithuania, synchronized their electricity systems with CESA on
2025/02/09 at 14:05 EET, so they are now part of CESA, but they were not at the time that fact was
published.
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5. Conclusion

Creation of wholesale electricity markets spanning large geographical areas is necessary
for achieving a cost and environmentally efficient electricity system. Having the ability
and sufficient capacity to trade electricity is important for integrating renewable generation
into the grid, and thus decarbonizing the electricity system. I study two complimentary
mechanisms of electricity market integration - physical integration of markets by increasing
electricity transmission capacity, and institutional integration of markets by creation a single
day ahead market in Furope.

I estimate impacts of a new high voltage direct current interconnection between Spain
and France, commissioned on the 5th of October 2015, using a novel data set with a com-
prehensive high frequency coverage of electricity system and market operations in Spain
and France. I find that, within a year of the line starting operations, the hourly absolute
cross-border flows between the two countries, equivalent to trade volumes, nearly doubled.
They increased by 92.55%, or 912 MWh. The increase corresponds to approximately 3.3%,
and 1.8%, of mean Spanish and French load. The doubling of cross-border flows matches
ex-ante prediction of the project investor.

The transmission expansion decreased the absolute value of day ahead price differences
between the two countries, a measure of the distance between marginal costs, by 5.25 Euros
per MWh, from a baseline of approximately 15 Euros per MWh. The impact is equal to
approximately 10 to 13% of mean day ahead prices in Spain and France before the expansion.
Thus, the decrease in price differences is substantial.

The aggregate benefits of the project are estimated at 93 million Euros a year. At a finer
level, the Spanish and French transmission system operators see a combined ten thousand
Euro per hour increase in congestion revenue, or revenue from the cross-border trade, due
to the expansion. I do not find the investment resulting in a statistically significant impact
on either expenditures of Spanish buyers, or on profits of Spanish generators. However, |
find a statistically and economically significant increase in buyer expenditures as well as in

generator profits in France. For France, the nominal increase in expenditures is nearly equal
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to the increase in profits. In total, those two essentially cancel each other out within France.

I also analyze impacts of four additional cross-border transmission projects, one of which
consists of two distinct parts, on physical cross-border electricity flows, and on cross-border
day ahead wholesale electricity price differences. Three of these additional projects are high
voltage direct current (HVDC) interconnections, and one is a 400 kV alternating current
(AC) interconnection. These investments are located in different parts of Europe. The
five additional lines were commissioned between November 2020 and August 2023. These
new interconnections increase hourly physical flows by 11 to 63%. The nominal impacts on
absolute hourly cross-border physical electricity flows range from approximately 350 MWh
to 530 MWh.

The estimated effects of the transmission expansion projects on absolute cross-border
price differences are a little bit puzzling. For nearly all of the projects and specifications,
I either obtain effects that are either statistically indistinguishable from zero, or statisti-
cally and substantively significant increases. In my opinion the treatment effects on cross-
border price differences in case of the additional projects are not properly identified with my
methodology. I believe that the linear difference in means estimation strategy struggles to
disentangle the effects of increased transmission capacity on price differences from the effects
of an exogenous, unprecedented increase in fuel input prices very close to commissioning of
the new transmission lines.

No matter what the transmission capacity is, there needs to be an institutional environ-
ment enabling cross border trade. Without incorporation of cross-border trade into market
clearing, a significant amount of beneficial trade might not be realized in system operations.
I discuss the importance of market integration, as well as creation of a single European day

ahead wholesale electricity market.
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Appendix A. Further Details on Data

Some data is published at 15-minute frequency on ENTSO-E Transparency. I aggregate
any data on quantities published at 15-minute frequency to hourly level. Most of the data
on quantities is reported in MW, so I convert the 15-minute data for hour h to hourly data
in megawatt hours as zp = Z?:l 0.25 X @y(p) where ¢ stands for a 15-minute interval falling
in hour h. In terms of cross-sectional dimension, most of the data is available aggregated
at bidding (price) zone, control area, and country levels. Bidding zone corresponds to the
area in which there is the same wholesale market price, and control area is the territory
of a particular TSO. In case of France and Spain, bidding zone, control area and country
are equal to each other, so I use data for control areas. Data values for the different cross-
sectional units are identical for all, but a handful of observations. Quantities are typically
reported in megawatts, and calculated as an average of instantaneous values available over
the given time interval.

ENTSO-E Transparency and IESOE provides data on realized hourly net cross-border
physical flows. The flows are across the border between the two areas, rather than the
trade volume between them, which can involve loop flows. Net flow means that electricity
flow is summed (integrated) across all transmission lines crossing the border, directions, and
measuring intervals (if they are smaller than the data reporting frequency) for the given time
period. The flows are reported for each direction - the value is positive for one direction and
zero for the other one. I convert the data into net flows in the few instances when positive
flows are reported for both directions. I then assign net flow, frs rFr:, to be positive if is
from Spain to France and negative if it is in the opposite direction, as defined in Eq. 2.1.

In definition of net load, absorbed energy is equal to the energy all storage units in the
area utilized to store energy during the particular hour. Since in my sample period, 2015
- 2016, storage units primarily consisted of hydro pumped storage (battery storage is not
listed specifically), absorbed energy would equal to the electricity hydro pumped storage

units used to pump water into storage during the given time interval.
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During my sample period the production types present in Spain and France are Biomass,
Fossil Brown coal/Lignite, Fossil Gas, Fossil Hard coal, Fossil Oil, Hydro Pumped Storage,
Hydro Run-of-river and poundage, Hydro Water Reservoir, Nuclear, Other, Other renewable,
Solar, Waste, and Wind Onshore. If a generator is a net consumer, zero net generation and
a positive consumption linked to generation is reported in the data. Similarly, if a generator
ends up being a net producer, generation reported is positive and consumption is zero. In
the few observations where both values are positive, I convert them to net values. I define
net generation for my purposes as net generation minus consumption of the generator.
Consequently, net generation is negative if the generator produces less than it consumes in
any given hour.

At the most granular level, generation is reported for at unit level for generation units
with nameplate capacity of at least 100 MW. While one might think that a generation
unit is what we call power plant, a power plant can have multiple generation units. A
generation unit is the generator in the power plant that is connected to the transmission
system, essentially a turbine in steam based or hydro power plants. Consequently, output
at generation unit level is only available for power plants with large generation units. For
example, I observe all nuclear generation at generation unit level. However, a large hydro
power plant with a total nameplate capacity well over 1,000 MW can be easily composed
entirely of turbines (or generation units) with nameplate capacity of less than 100 MW.

For the weather data, the data directly contains hourly mean country level values. Each
value is calculated as the mean area average across the entire country. I use the air tem-
perature at a height of 2 meters, total accumulated precipitation on a flat, horizontal and
impermeable surface, wind speed (horizontal air velocity) at heights of 10 and 100 meters,
and solar radiation. Solar radiation is called surface downwelling shortwave radiation in the
data description and it is also known as global horizontal irradiance, or GHI - the amount

of solar radiation that reaches a horizontal plane at surface level.
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A.1 Construction of Fossil Fuel Prices

For natural gas prices, I use the European Energy Exchange (EEX) PEGAS exchange
day-ahead price index, which prices natural gas at the Title Transfer Facility (TTF) Virtual
Trading Point in the Netherlands. I select the last price in a given trading day to represent
the relevant price for that date. The TTF trading hub is considered to be the dominant
and most relevant natural gas exchange in Europe. It is utilized in literature as the relevant
natural gas price for Spain (Petersen et al., 2024). Spanish and French natural gas exchanges
are considered to be immature in many dimensions (Heather, 2015, 2020, 2023). The TTF
is thus a good proxy for the natural gas prices Spanish and French generators are facing.
The index is in Euros per megawatt hour. Note that my period of analysis is not affected
by the impact of increased LNG imports, which became important after Russian invasion
of Ukraine in 2022.

The ticker for the European Energy Exchange (EEX) PEGAS exchange day-ahead nat-
ural gas price index is FEDATTF1. The index based on the day-ahead natural gas price
for contracts for physical delivery through the transfer of rights in respect of natural gas
at the Title Transfer Facility (TTF) Virtual Trading Point, operated by Gasunie Transport
Services (GTS), the natural gas transmission system operator in the Netherlands. For days
when I do not observe the index, I use the Bloomberg OECM Index for day-ahead TTF
natural gas price, ticker TTFGDAHD. In cases when I observe neither index, I linearly
interpolate for the price.

I utilize the Bloomberg OECM API2 month ahead coal price index to proxy for coal
prices, which is based on the Argus/McCloskey’s Coal API2 Price Index, the primary price
reference for physical and over-the-counter coal contracts in northwest Europe. I use the
settlement price, in Euros per metric ton, for a particular day as the relevant price. The ticker
for the Bloomberg OECM API2 month ahead coal price index is API2IMON. The index
represents the price of a 1 month ahead future coal contract, that is for coal delivered in the

next calendar month. The index adjust for the fact that as the next calendar month nears
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the price for the calendar month after next becomes more relevant. In other words, on the
30th of August the price of a contract for delivery October might be more relevant than the
price of a contract for delivery in September. The index is based on the Argus/McCloskey’s
Coal API2 Price Index, which is the primary price reference for physical and over-the-counter
coal contracts in northwest Europe. It reflects the price of coal, including cost of insurance
and freight (CIF), delivered into the Amsterdam, Rotterdam region in the Netherlands,
and Antwerp region in Belgium. I use the settlement price, in Euros per metric ton, for a
particular day as the relevant price. If the settlement price is missing, I use the last price

index for a given day. When both price indexes are missing I linearly interpolate.
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Appendix B. Derivation of Upper Bound on Generator
Profit Changes

Decomposing profit changes:

AT = qi1 (pi,1 — i) + Pio (6,1 — Gi0) — Ci(gi1) + Cilgi0)

@i
= qi1 (pin — pio) — MC;(q) — pipdq

4i,0

(B.1)

qi,1
= AT(‘UB — MCz(q) — p@odq

3
qi,0

Now, for the importing area (Spain):

qes,1 < 4ESo0 —>

4ES,1
/ MCgs(q) —prspdqg >0 =

qES,0
<0V g<gEs,0

Arps < An%E

The area of the orange lined triangle in Fig. 2.3b, which is part of the change in profit for
Spain but not of the upper bound, equals the negative value of the integral in Eq. B.1. For

the exporting area (France):

qFR,1 > qFR0 —

4dFR,1
/ MCrr(q) — prrodqg >0 =

qFR,0 ~
>0V ¢>qFRr,0

Anpr < Aﬂ'gg

The area of the blue lined triangle in Fig. 2.3b, which is part of the upper bound but not of

the change in profit for France, equals the value of the integral in Eq. B.1.
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Appendix C. Additional Summary Statistics

Table C.1: Additional Summary Statistics for Flows

Variable Period Mean Sd Percentile
1 10 50 90 99

Cross-border Flows [MWh]|
Calendar Year:

fES FRt 2014 -383.2 856.9 -1,296 -1,200 -851.9 1,015 1,132
fESFRt 2015 -779.0 9924 -2,699 -2,087 -1,004 967.1 1,478
fESFR 2016 -756.0 1,743 -3267 -2,641 -1,315 2,174 2,573

| fES,FR ] 2014 8777 3328 5284 277.0 990.8 1,201 1,297
|\fES FR| 2015 1,116 588.8 53.93 3689 1,078 2,090 2,699
|fES,FR,] 2016 1,727 790.1 2843 5343 1,841 2,651 3,267

Calendar Year x Pre/Post Expansion:

fosrre 2015 Pre 5848 7949 -1314 -1216 -963.6 981.6 1,124
fosrre 2015 Post -1862 1,134 -2884 -2645 -2,187 -242.5 1,943
fosrry 2016 Post -977.0 1515 -2814 -2535 -1490 1,757 2471

\fesrre 2015 Pre 9365 310.7 5533 387.1 1,028 1216 1,314
\fesrre 2015 Post 2,104 5701 1769 1,412 2,187 2,645 2,884
\fesrre 2016 Post 1,646 7358 31.56 523.0 1744 2555 2,822

Data for 2014 is from IESOE, data from 2015 onward is from ENTSO-E Transparency. Observa-
tions are for weekdays at hourly level.

The time periods for Year x Pre/Post expansion are defined as: 2015 Pre is 2015/01/01-
2015/09/04 , 2015 Post is 2015/11/04-2015/12/31 , 2016 Post is 2016/01/01-2016,/10/04

The time periods for Pre/Post expansion are defined as: Pre is 2015/01/01-2015/09/04, Post is
2015/11/04-2016/10,/04
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Table C.2: Additional Summary Statistics for Prices

Variable Period Mean Sd Percentile
1 10 50 90 99

Prices |[EUR/MWHh]

Calendar Year:

DPES,t 2014 44.64 18.26 0 16.00  46.58 65.00 75.72
PESt 2015 52.75 11.45 21.00 37.70 54.16 65.75 71.89
DPESt 2016 4190 1399 9.00 2348 42.00 63.00 71.49
DFRt 2014 3811 1348 9.19 1990 3851 54.76 69.44
PFRt 2015 41.58 1237 1426 25.07 41.98 56.19 70.99
PFRt 2016 40.07 26.84 11.82 2215 34.50 67.01 102.5
Calendar Year x Pre/Post Expansion:

PESt 2015 Pre 5249 11.94 20.00 36.59 53.75 66.60 71.66
PESt 2015 Post 5495 10.94 26.02 39.27 57.00 66.72 73.91
PES,t 2016 Post  36.41 10.34 8.00 21.50 38.01 47.69 56.10
PFRt 2015 Pre  41.07 12.05 15.01 2494 41.60 5547 69.94
DFRt 2015 Post 4091 14.49 947  23.00 40.38 5894 76.92
DFR,t 2016 Post  31.84 9.53 10.17 21.19 31.55 44.02 55.78

Price Differences [EUR/MWh]|
Calendar Year:

PFRt — PES 2014 6.53 19.22 -3855 -28.90 -8.56 19.51 49.43
PFRt — PESY 2015 1119 1340 -36.46 -27.35 -12.44 447 23.30
PFRt — PES 2016 1.83 21.84 -24.08 -1508 0 8.31  40.94
IpFR: — PES.] 2014 16.28 1212 0 1.03 1530 32.03 49.97
IpFRY — PES,] 2015 1411 1027 0 0  14.27 27.57 37.35
IpFR: — PES.] 2016 785 2046 0 0 498 17.72 40.94

Calendar Year x Pre/Post Expansion:

PFRt — PES,t 2015 Pre -11.44 14.30 -37.40 -2794 -14.02 7.25 24.63
DFRt — DES,t 2015 Post  -14.05 11.46 -34.96 -26.98 -15.53 0 13.79
DPFRt — PES,t 2016 Post  -4.57 849 -24.26 -1586 -2.68 3.70 18.34

lpPRt — PES: 2015 Pre 1515 1029 0 0 15.84 28.23 37.76
lpFRt — PES: 2015 Post  15.01 10.16 0 0 15.88 27.34 35.92
lpFrt — PESt| 2016 Post  6.77  6.87 0 0 535 16.45 25.29

Data for 2014 is from IESOE, data from 2015 onward is from ENTSO-E Transparency. Observations
are for weekdays at hourly level.

The time periods for Year x Pre/Post expansion are defined as: 2015 Pre is 2015/01/01-2015/09/04 ,
2015 Post is 2015/11/04-2015/12/31 , 2016 Post is 2016/01/01-2016,/10,/04

The time periods for Pre/Post expansion are defined as: Pre is 2015/01/01-2015/09/04, Post is
2015/11/04-2016/10,/04

The significantly higher means than medians in 2016 for variables including French prices are due to a
handful of hours with very high prices in France in late 2016.
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Table C.3: Calendar Year x Pre/Post Summary Statistics for Direction of Flows and Prices

Period Mean
1 (Prices Converged) 1 (FR Cheaper) 1 (Flow to ES) 1 (Dir. Aligned)

Calendar Year x Pre/Post Expansion:

2015 Pre 0.11 0.72 0.78 0.99
2015 Post 0.14 0.82 0.91 1.00
2016 Post 0.29 0.57 0.76 0.99

Data for 2014 is from IESOE, data from 2015 onward is from ENTSO-E Transparency. Observations are
for weekdays at hourly level.

I define the columns as 1 (Prices Converged) = 1 (|prr,:t— pes:| <0.01) , 1(FR Cheaper)
1(prr, —pEs: < —0.01) , 1(FlowtoES) = 1(fes,rr:<0) , and 1 (Directions Aligned)
1(lprrt — pES,t| < 0.01V sqn (prr+ — PES,t) = sgn (fes,Fr,)). That is the flow and price difference have
the correct direction (or are aligned) when either the prices have converged, since then flow can go in either
direction, or when the signs of flow and price difference are the same.

The time periods for Calendar Year x Pre/Post expansion are defined as: 2015 Pre is 2015/01/01-
2015/09/04 , 2015 Post is 2015/11/04-2015/12/31 , 2016 Post is 2016/01/01-2016,/10/04

The time periods for Pre/Post expansion are defined as: Pre is 2015/01/01-2015/09/04, Post is 2015/11/04-
2016,/10/04

106



Appendix D. Additional Results for Welfare Distribution

Table D.1: Effects on Congestion Revenue

(1) (2) (3) (4) () (6)

Sample Window:

from 2015/04/08 2015/01,/04 2015/01/01

fo 2016,/04,/02 2016,/07,/05 2016,/10/04

length +/- 180 days +/- 9 months +/- ~ 1 year
Donut Window 0 +/- 30 0 +/- 30 0 +/- 30
Dep. Variable (pFR,t — PES,t) X fE'S,FR,t [EUR]

1(t>2015-10-05) 6,921 16,177# 5893 12,200 5832  10,264%
(5,029) (5.284) (3,806) (2,947) (3,737) (2,865)

Observations 6,126 9,126 9,264 8,264 10,837 9,837
Adjusted R? 0.376 0.417 0.295 0.333 0.292 0.328
Within Adj. R? 0.360 0.401 0.282 0.321 0.271 0.308

Significance Codes: #: 0.01, %0.05, *: 0.1 . Observations are for weekdays at hourly level.
Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the estimation sample. Window Length is the approximate length
of the sample on each side of treatment date (2015/10/05). In columns 5 and 6, the sample
goes 9, and 12 months before, and after treatment. Donut Window stands for the number of
days excluded from the sample on each side of treatment.
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Table D.2: Effects on Buyer Expenditures in Spain

(1) (2) (3) (4) (5) (6)

Sample Window:

from 2015,/04/08 2015,/01 /04 2015,/01/01

to 2016,/04,/02 2016,/07 /05 2016,/10/04

length +/- 180 days +/- 9 months +/- =~ 1 year
Donut Window 0 +/-30 0 +/-30 0 +/- 30
Panel A - Nominal Changes
Dep. Variable PESt X dpst [EUR)]
Post, 93459  287.522% 14796 22,722  -43915  -46,321

(69,620)  (89,883) (75,909) (121,798) (77,571) (126,496)

Observations 6,179 5,171 9,364 8,356 10,984 9,976
Adjusted R? 0.838 0.852 0.799 0.801 0.774 0.771

Within Adj. R?  0.720 0.757 0.680 0.692 0.633 0.639
Panel B - Relative Changes

Dep. Variable log (pEs,t X dis;) [log-points]

Post, 0.009 0.058 -0.003 -0.001 -0.021 -0.041
(0.055)  (0.102)  (0.062)  (0.108)  (0.064)  (0.106)

Observations 6,179 5.171 9.364 8356 10984 9,976

Adjusted R? 0.787 0.793 0.758 0.757 0.740 0.738

Within Adj. R? 0.654 0.675 0.613 0.620 0.577 0.582

Significance Codes: #: 0.01, %0.05, *: 0.1. Post; = 1 (¢ > 2015-10-05) Observations are for weekdays
at hourly level. Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses.
Sample Window is the time span of the estimation sample. Window Length is the approximate length
of the sample on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9,
and 12 months before, and after treatment. Donut Window stands for the number of days excluded
from the sample on each side of treatment.
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Table D.3: Effects on Buyer Expenditures in France

(1) (2) (3) (4) (5) (6)

Sample Window:

from 2015/04/08 2015/01/04 2015/01/01

to 2016,/04/02 2016/07/05 2016/10/04

length +/- 180 days +/- 9 months +/- ~ 1 year
Donut Window 0 +/-30 0 +/-30 0 +/-30
Panel A - Nominal Changes
Dep. Variable PFRt X dFR,t [EUR]
Post, 714,404%  1,016,745%  629,673%  696,354% 552,197#  566,726%

(168,488)  (188,721)  (117,093) (143,418) (127,418) (149,518)
Observations 6,189 5,182 9,381 8,374 10,957 9,950
Adjusted R? 0.726 0.719 0.801 0.803 0.795 0.798
Within Adj. R? 0.566 0.573 0.723 0.734 0.715 0.726
Panel B - Relative Changes
Dep. Variable log (prrt X drry:) [log-points]
Post, 0.3627 0.510% 0.319%  0.352#  0.281%  0.286%
(0.085) (0.074) (0.057) (0.059) (0.065) (0.067)

Observations 6,189 5,182 9,381 8,374 10,957 9,950
Adjusted R? 0.735 0.735 0.795 0.799 0.788 0.794
Within Adj. R? 0.502 0.517 0.674 0.690 0.655 0.673

Significance Codes: #: 0.01, %0.05, *: 0.1 . Post; = 1 (¢ > 2015-10-05) Observations are for weekdays at
hourly level. Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the estimation sample. Window Length is the approximate length of the sample
on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months before,
and after treatment. Donut Window stands for the number of days excluded from the sample on each side
of treatment.
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Table D.4: Additional Results for Effects on Generation Quantities

Sample Window: (1) (2) (3) (4) (5) (6)
from 2015/04/08 2015/01/04 2015/01/01
to 2016/04/02 2016/07/05 2016/10/04
length +/- 180 days +/- 9 months +/- &~ 1 year
Donut Window 0 +/- 30 0 +/- 30 0 +/-30
Panel A - Spain
Dependent variable qest [MWHh]
Post; -2,981#  -3,183% -943 -1,300*  -1,106*  -1,354%
(732.4)  (859.0)  (652.4)  (737.9)  (612.2)  (688.4)
dEs 0.885%  0.922#  0.906%  0.914%  0.903%  0.913%
(0.046)  (0.048)  (0.029)  (0.031)  (0.026)  (0.026)
Posty x dps, -0.079*  -0.108*  -0.062%  -0.066%  -0.047*  -0.047*
(0.046)  (0.054)  (0.029)  (0.031)  (0.025)  (0.026)
drr -0.022 -0.041*  0.029*% 0.026* 0.030* 0.027%
(0.024)  (0.025)  (0.013)  (0.014)  (0.012)  (0.013)
Post; x dppy 0.103% 0.1287% 0.039%* 0.042* 0.035* 0.035%
(0.026)  (0.031)  (0.017)  (0.018)  (0.016)  (0.016)
Observations 6,178 5,170 9,363 8,355 10,980 9,972
Adjusted R? 0.941 0.940 0.942 0.941 0.945 0.944
Within Adj. R? 0.829 0.833 0.851 0.852 0.852 0.853
Panel B - France
Dependent variable qrrt [MWh]
Post, -7,619%  -5952% 2038 -1,429 -506.8 -109.5
(1,559)  (1,595)  (1,380)  (1,617)  (1,567)  (1,675)
drR 0.602#  0.617#%  0.926%  0.914%  0.878%  0.854%
(0.056)  (0.054)  (0.054)  (0.051)  (0.051)  (0.050)
Post; x drg 0.234%  0.169% -0.059 -0.082* -0.050 -0.060
(0.068)  (0.064)  (0.046)  (0.046)  (0.041)  (0.040)
dEs. 0.289% 0.192% 0.157* 0.130 0.147 0.115
(0.090)  (0.091)  (0.094)  (0.113)  (0.102)  (0.112)
Post; x dggsy -0.068 0.040 0.189% 0.228% 0.115 0.136
(0.089)  (0.087)  (0.090)  (0.098)  (0.083)  (0.089)
Observations 6,178 5,171 9,365 8,358 10,978 9,971
Adjusted R? 0.941 0.946 0.943 0.945 0.946 0.950
Within Adj. R? 0.925 0.933 0.931 0.934 0.936 0.942

Significance Codes: #: 0.01, %0.05, *: 0.1 . Post; = 1 (¢t > 2015-10-05) Observations are for weekdays at
hourly level. Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the estimation sample. Window Length is the approximate length of the sample
on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months before,
and after treatment. Donut Window stands for the number of days excluded from the sample on each side
of treatment.
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Table D.5: Effects on Generation Profits in Spain

Sample Window: (1) (2) (3) (4) (5) (6)
from 2015/04,/08 2015/01/04 2015/01/01
to 2016/04/02 2016/07/05 2016/10/04
length +/- 180 days +/- 9 months +/- =~ 1 year
Donut Window 0 +/-30 0 +/-30 0 +/- 30
Panel A1l - Lower Bound on Nominal Profit Changes
Dep. Variable q%S,t X prst [EUR]
Post, 126,178%  281,569% 109,958* 146,879 37,222 11,383
(47,867)  (59,635) (56,862) (89,736) (62,855) (105,808)
Observations 6,178 5,170 9,363 8,355 10,980 9,972
Adjusted R? 0.922 0.931 0.893 0.892 0.869 0.868
Within Adj. R? 0.874 0.894 0.833 0.836 0.792 0.795
Panel A2 - Upper Bound on Nominal Profit Changes
Dep. Variable q};s’t X prst [EUR]
Post, 148,045%  329,000% 113,425* 150,618 40,463 14,163
(54,970.3) (70,694)  (58,037) (92,251) (64,357) (108,322)
Observations 6,178 5,170 9,363 8,355 10,980 9,972
Adjusted R? 0.914 0.921 0.891 0.890 0.867 0.866
Within Adj. R? 0.857 0.875 0.830 0.832 0.789 0.792
Panel B1 - Lower Bound on Relative Profit Changes
Dep. Variable log(qOEsyt X pEs,t) [log-points]
Posty 0.058 0.085 0.103* 0.108 0.050 0.013
(0.0384) (0.075) (0.047)  (0.078)  (0.053) (0.085)
Observations 6,178 5,170 9,363 8,355 10,980 9,972
Adjusted R? 0.866 0.872 0.831 0.830 0.815 0.816
Within Adj. R? 0.793 0.810 0.736 0.739 0.705 0.712
Panel B2 - Upper Bound on Relative Profit Changes
Dep. Variable log(q}ESJ X pEs,:) |[log-points]
Post, 0.062 0.093 0.104* 0.120 0.051 0.014
(0.038) (0.074) (0.047)  (0.077)  (0.053) (0.085)
Observations 6,178 5,170 9,363 8,355 10,980 9,972
Adjusted R? 0.856 0.858 0.828 0.827 0.812 0.813
Within Adj. R? 0.773 0.786 0.732 0.735 0.701 0.708

Significance Codes: #: 0.01, %0.05, *: 0.1 . Post; = 1 (¢ > 2015-10-05) Observations are for weekdays at
hourly level. Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the estimation sample. Window Length is the approximate length of the sample
on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months before,
and after treatment. Donut Window stands for the number of days excluded from the sample on each side

of treatment. Counterfactual quantities are estimated on the same sample.
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Table D.6: Effects on Generation Profits in France

Sample Window: (1) (2) (3) (4) (5) (6)
from 2015/04,/08 2015/01/04 2015/01/01
to 2016,/04/02 2016/07/05 2016,/10/04
length +/- 180 days +/- 9 months +/- =~ 1 year
Donut Window 0 +/-30 0 +/- 30 0 +/- 30
Panel A1l - Lower Bound on Nominal Profit Changes
Dep. Variable q%R,t X prrt [EUR]
Post, 387,821%  559,579%  670,1607% 738,940% 558,037% 552,235%
(184,936) (183,939) (149,410) (153,789) (171,811) (166,474)
Observations 6,178 5,171 9,365 8,358 10,941 9,934
Adjusted R? 0.792 0.808 0.839 0.854 0.835 0.854
Within Adj. R? 0.645 0.685 0.774 0.800 0.770 0.801
Panel A2 - Upper Bound on Nominal Profit Changes
Dep. Variable q}mR’t X prrt [EUR]
Post; 459,187%  659,485%  691,190%  762,057# 561,437#  555,985%
(219,573)  (220,345) (154,170) (157,296) (173,369) (167,666)
Observations 6,178 5,171 9,365 8,358 10,941 9,934
Adjusted R? 0.797 0.811 0.837 0.851 0.833 0.852
Within Adj. R? 0.660 0.692 0.766 0.793 0.764 0.795
Panel B1 - Lower Bound on Relative Profit Changes
Dep. Variable log(q%mt X prrt) [log-points]
Post, 0.159* 0.214% 0.2687% 0.2937% 0.2217# 0.217#
(0.089) (0.087) (0.062) (0.055) (0.074) (0.063)
Observations 6,178 5,171 9,365 8,358 10,941 9,934
Adjusted R? 0.784 0.807 0.825 0.843 0.823 0.846
Within Adj. R? 0.581 0.635 0.724 0.759 0.717 0.758
Panel B2 - Upper Bound on Relative Profit Changes
Dep. Variable log(qk Rt X PFRt) [log-points]
Post; 0.161* 0.217% 0.2677% 0.2917# 0.2217% 0.216%
(0.089) (0.086) (0.062) (0.055) (0.074) (0.062)
Observations 6,178 5,171 9,365 8,358 10,941 9,934
Adjusted R? 0.789 0.811 0.823 0.841 0.821 0.844
Within Adj. R? 0.595 0.642 0.715 0.749 0.710 0.751

Significance Codes: #: 0.01, %0.05, *: 0.1 . Post; = 1 (t > 2015-10-05) Observations are for weekdays at
hourly level. Driscoll-Kraay HAC corrected standard errors with 6 daily lags are in parentheses. Sample
Window is the time span of the estimation sample. Window Length is the approximate length of the sample
on each side of treatment date (2015/10/05). In columns 5 and 6, the sample goes 9, and 12 months before,
and after treatment. Donut Window stands for the number of days excluded from the sample on each side
of treatment. Counterfactual quantities are estimated on the same sample.
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