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Abstract
Interconnections for cross-border electricity flows are at the heart of the project to create a common
European electricity market. At the time, increase in production from variable renewables clustered
during a limited numbers of hours reduces the availability of existing transport infrastructures. This
calls for higher levels of optimal interconnection capacity than in the past. In complement to existing
scenario-building exercises such as the TYNDP that respond to the challenge of determining optimal
levels of infrastructure provision, the present paper proposes a new empirically-based methodology
to perform Cost-Benefit analysis for the determination of optimal interconnection capacity, using as
an example the French-German cross-border trade. Using a very fine dataset of hourly supply and
demand curves (aggregated auction curves) for the year 2014 from the EPEX Spot market, it
constructs linearized net export (NEC) and net import demand curves (NIDC) for both countries. This
allows assessing hour by hour the welfare impacts for incremental increases in interconnection
capacity. Summing these welfare increases over the 8 760 hours of the year, this provides the annual
total for each step increase of interconnection capacity. Confronting welfare benefits with the annual
cost of augmenting interconnection capacity indicated the socially optimal increase in interconnection
capacity between France and Germany on the basis of empirical market micro-data.

1. INTRODUCTION
Interconnections for cross-border electricity flows are at the heart of the project to create a common
European electricity market. Interconnections allow exporting electricity from countries with
relatively lower costs of production to those with relatively higher costs of production thus increasing
economic efficiency. During this process, prices in the high cost country will fall and prices in the low
cost country will rise thus increasing the combined producer and consumer surplus in both countries.
The process will come to an end only when either prices in both countries are equalized and the total
surplus is maximized, or when the available interconnection capacity is saturated.
The challenge for regulators and electricity policymakers is to determine the optimal amount of
interconnection capacity. Constructing cross-border capacity is costly. Installing interconnection
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capacity up to a level at which it would never be saturated, yielding zero benefits at the margin,
would constitute an inefficient form of over-investment. Determining the socially optimal
interconnection capacity requires specific methodologies and data, which is the subject of this
article.
Expanding the physical infrastructure for cross-border interconnection in an economically optimal
manner has become more critical in recent years due to the large-scale deployment of variable
renewables energies (VRE), i.e., wind and solar PV. Due to their dependence on a varying
meteorology, wind and solar generation tends to be concentrated during a limited number of hours,
during which large amounts of low cost electricity flood the European electricity system. The fact
that most wind turbines produce at the same time, an effect even stronger for solar panels, is also
referred to as the auto-correlation of VRE production. The increasing number of hours with high VRE
production implies a more frequent saturation of existing interconnection infrastructure. Saturation
of infrastructure implies price divergence between European countries with concomitant welfare
losses (Keppler et al., 2016). The optimal amount of interconnection infrastructure will thus ceteris
paribus be higher in the presence of variable renewables than in their absence.
The ambitious objectives of the countries of the European Union (EU) to increase the amount of
energy from renewable energy sources to 20% by 2020 (27% by 2030) implies that in the power
sector a share of more than 30% (40% by 2030) of electricity must be produced from renewable
energy sources, much of it from wind and solar. Already, the EU has seen an important increase in
generation from wind and solar, which has risen from 7.6% in 2010 to 14.4% in 2014 (ENTSO-E,
2014). Even more important than the share of electricity, which reflects average production over the
year, is, due to the auto-correlation of VRE production, the installed capacity. The latter, for instance,
has risen in Germany from 6 GW for wind and 0.1 GW for solar in 2002 to 39 GW for wind and 38 GW
for solar in 2014 (BMWi, 2014). At the European level, the less than 400 GW of VRE capacity that
exist today will increase up to 1 150 GW by 2030, depending on the scenario considered.
In the presence of such momentous changes, the question of what constitutes the socially optimal
level of optimal interconnection capacity poses itself with new urgency. Larger VRE capacities imply
higher levels of network and interconnections. The EU thus pursues a great number of projects to
increase interconnection capacity summarized in the Ten-Year Network Development Plan (TYNDP)
developed by the European Network of Transmission System Operators for Electricity (ENTSO-E,
2016). On average, interconnection capacity should double throughout Europe by 2030.
The objectives for the augmentation of interconnection capacities have been developed on the basis
of an extensive, forward-looking scenario analysis that includes benefits in consumer and producer
surplus as well as a large number of additional criteria such as security of supply, VRE integration,
reduction of transmission losses, CO2 emission reduction, technical resilience and flexibility for
future investments. The TYNDP is a sophisticated modelling exercise augmented by extensive public
consultation and provides a convincing road-map for European network development. However, the
Cost-Benefit Analysis (CBA) that it proposes lacks any explicit feedback with the actual production
and consumption decisions of the actors in the European electricity markets. This is where the
present research comes in. It provides in fact an alternative and complementary methodology based
on real market data for the assessment of optimal interconnection capacity.

An economic approach based on empirical electricity market data
On the basis of detailed hourly supply and demand data from the EPEX Spot Day-ahead electricity
market, this paper calculates the annual consumer and producer surpluses for different levels of
additional interconnection capacity at the French-German border. The available data on consumer
preferences and the marginal cost of supplier is used to estimate analytically treatable supply and
demand functions and to establish net export supply and import demand curves in the spirit of
Spiecker et al. (2013) for both countries. This allows the estimation of consumer and producer
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surplus for each hour for different increments of additional capacity. Summing the hourly surplus
over the year and confronting the resulting combined annual welfare gain with the annualized cost of
additional infrastructure allows determining the economically optimal, i.e., welfare maximising,
amount of interconnection capacity that should be added to the already existing infrastructure
between France and Germany.
The precise data on real market supply and demand functions, indispensable to establish meaningful
estimates of consumer and producer surpluses, was so far unavailable for economic research at this
level of detail. This is thus the first time that cost benefit analysis on the basis of systematic,
empirical supply and demand data has been applied in the economic analysis of electricity markets.
For comparison purposes, estimates were produced for the years 2011 and 2014. The two years are,
in particular, differentiated by the capacity for variable renewables, in particular in Germany. In
2011, the combined output of wind and solar PV in Germany was 68 TWh. This figure rose to over 90
TWh in 2014. Consistent with intuition, this yielded a higher level of optimal interconnection
capacity. In the context of the discussion of future European infrastructure needs in the presence of
large amounts of VRE capacity, the results for 2014 are clearly the more relevant.
While the data and methodology employed in this paper are straightforward and the results easily
replicable, there exists also an obvious limitation, although its impact on overall results is modest. In
fact, this paper determines the optimal interconnection capacity between France and Germany
exclusively on the basis of French and German supply and demand data. While France and Germany
are, by far, their largest electricity trading partners respectively, they do not only trade with each
other but also with Belgium, the Czech Republic, Denmark, Italy, the Netherlands, Poland,
Switzerland and the United Kingdom. A complete analysis would have had to take into account
hourly supply and demand curves from each of these countries in order to establish France’s and
Germany/Austria’s hourly net export supply and import demand curves. The recent switch towards
the flow-based allocation of interconnection capacity between coupled markets, since March 2015,
would further require taking into account also trilateral trade flows in future analyses. This, however,
would have exponentially increased the already large amounts of data treated in this project (the
total amount of data used in this research already amounted to 2.5 Go of Excel files) and would have
pushed them beyond feasibility in the framework of the computing resources available at the Chaire
European Electricity Markets (CEEM) at the Université Paris-Dauphine.
While the authors encourage the adoption of the methodology proposed at the European level with
computing resources to match, they are confident that the results would not change substantially
from those obtained here. The principal reason for this confidence is that there exists an official
benchmark for unlimited multi-lateral trading, i.e., trading that includes all trading partners of France
and Germany, which can be directly compared to the equivalent metric established in this research.
This metric is the price of electricity under the hypothetical assumption of unlimited interconnection
capacity at all borders. This hourly maximum efficiency price established on the supply and demand
data in all concerned countries is published under the name of ELIX by EPEX Spot.
For comparison purposes, the present research thus also established for each hour the bilateral
maximum efficiency price on the basis of French and German supply and demand data, i.e., the price
that would result if bilateral interconnection capacity was unlimited. The difference between the two
sets of prices, i.e., the modelled price on the basis of French and German data only and the ELIX
based on the exchanges between all the countries of the CWE amounted to € 2.05 in 2011 and € 2.13
in 2014 (see Chapter 4 for detailed statistical analysis). This quite limited divergence shows that also
the bilateral producer and consumer surplus calculations provide, if confronted with relevant cost
data, highly meaningful indications for the optimal provision of interconnection capacity.
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Enlarging the methodological tool-box for optimal infrastructure assessment
This article presents an economic approach that is both narrower but also methodologically more
coherent than the broader approach pursued in TYNDP 2016. Both approaches have their uses. The
development of networks for electricity systems takes place in a complex world with overlapping
political priorities of which maximizing the economic surplus is only one. The empirical approach
presented here is based on real market data for 2014. Like all empirical research, it is inevitably
backward-looking, while the TYNDP develops scenarios for 2020 and 2030. Given the level of VRE
capacity in 2014, which is certain to be lower than the one deployed in 2030, the results calculated
here should thus establishes a lower bound of the economic benefits of the development of
additional interconnection capacity. It is thus all the more remarkable that these results exceed the
levels of optimal additional interconnection capacity established by the TYNDP.
First and foremost, however, the contribution of this paper is methodological. For the first time, it
makes use of the detailed hourly demand and supply curves of the EPEX Spot electricity market. This
valuable information must be mined and rendered meaningful in economic discussions about the
benefits of network expansion. Complementing electricity market simulations with empirical and
econometric research is all the more important in the light of recent developments in electricity
markets. Recourse to scenario modelling is routinely justified by the fact that electricity markets
were operating largely without frictions and that electricity could be considered a homogenous good.
Ergo simulation results can replicate the phenomena of real-world electricity markets with
reasonable accuracy.
Two important points limit the validity of this point of view. First, electricity market simulations
concentrate on the supply side and only have a very rudimentary representation of the demand side.
Part of the value added of the present research consists in the economic information contained in
the 8 760 demand functions in addition to the same number of supply functions of the EPEX Spot
market. Second, economically speaking, electricity is less and less a homogenous good. The
variability of renewable production in conjunction with emerging phenomena such as autoconsumption and demand response makes explicit modelling of the objective functions that
determine the dispatch of power suppliers vastly more difficult and less accurate than only a few
years ago. The variability of VREs, for instance, requires all producers to vary their output frequently
and with steep gradients. This increases the importance of ramping constraints that are notoriously
hard to model as they vary at the individual level between otherwise comparable plants. An added
difficulty of correctly modelling dispatch is that in the new electricity systems that producers are
facing the economic value of providing ancillary services to the system such as primary, secondary or
tertiary reserves has increased considerably while the value of simple electricity provision has fallen.
Taking reserves into account is thus ever more necessary but doing this in a systematic and coherent
manner is again an enormous challenge. In the past, leaving out ramping constraints and ancillary
services would still allow arriving at reasonable approximations. Today, disregarding them implies
modelling an ideal market that no longer exists.
The massive structural changes that have taken place in electricity markets during a very short period
thus add pertinence to the sort of empirical research proposed here. In combination with the large
amount of relevant new data on detailed demand and supply function that was hitherto unavailable
for economic research, this article thus aims at enlarging the boundaries of the methodologies
currently employed for determining optimal interconnection capacity.
The remainder of the paper is organized as follows. Section 2 will briefly present the context of
German-French electricity trade as part of the transition to a unified European electricity market.
Section 3 will provide a detailed description of the data used, the methodology employed and the
model that was developed. Section 4 will present the results in terms of the optimal amounts of
additional infrastructure capacity required to maximise the combined surplus in the French and
German electricity markets. Section 5 will conclude.
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2. THE CONTEXT OF FRENCH-GERMAN ELECTRICITY TRADE
Both France and Germany are actively engaged in the pan-European electricity trade. Both are also
net exporters of electricity as long as the totality of their trading partners is taken into account.
Traditionally, France is a net exporter during the summer time and a net importer during winter time
due to the specificity of having a relatively high share of electric heating in its consumption mix.
Germany’s exports and imports depend primarily on the availability of surplus power from the 70
GW of wind and solar PV capacity of which it disposes.
As far as bilateral trading is concerned, Germany is France’s most important trading partner
contributing 13 TWh of the total 27 TWh that France imported in 2014. France used to be a net
exporter to Germany but due to the availability of cheap electricity from renewable sources has
become a net importer. The bilateral trade balances in 2011 and 2014 are summarised in the
following table:
Table 1: The Electricity Trade between France and Germany (GWh)
2011
5 214
7 603
3 531
5 229

French Imports from Germany
German Imports from France
Hours of French Imports
Hours of German Imports

2014
9 919
4 040
5 652
3 108

Source: www.epexspot.com
Between 2011 and 2014, French electricity imports have increased by 90%, whereas exports have
decreased by 88%. This fact is primarily explained by the significant development of renewable
energies in Germany during this period. These electricity flows pass through a total of 2.6 GW of
interconnection capacity from France to Germany and of 3.6 GW from Germany to France. There has
been no investment in new interconnection capacity between France and Germany between 2011
and 2014.
The capacities indicated are commercial capacities that can be acquired by commercial auctions with
appropriate adjustments, decided upon by the TSOs of both countries for safety margins to ensure
network security. The available capacity differs for the two directions, France-Germany or GermanyFrance, due to physical constraints on the upstream and downstream networks to which the
interconnections are connected. Potential flows from France to Germany are thus smaller than flows
from Germany to France due to the limited capacity of the intra-German transport lines in the RhineRuhr area.

The impacts of VRE variability
Germany’s energy supply has significantly changed over the last few years due the rapid deployment
of new capacities of wind and solar PV. These sources present three major features:


They are variable which means they do not supply a constant amount of electricity since
their production is subject to climatic variation.



The amount of electricity to be delivered cannot be predicted with certainty at any moment
in time before the actual dispatch.
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There VRE production from wind and solar PV is auto-correlated, which means that total
production is concentrated during a limited number of hours during which the capacity of
the electric interconnections tends to saturate.

We may notice that the maximum daily solar and wind-combined production in 2014was 0.58 TWh
(January 31st), while the minimum was 0.022 TWh (January 16th), which corresponds to factor of 30.
The hourly maximum load of wind and solar PV combined was 40.68 GW on 14 April 2014
(Fraunhofer ISE, 2016). Such high variations require flexibility responses, which can be provided
either by other generators (dedicated back-up), demand response, storage or, the aspect that is of
primary interest here, interconnections with neighbouring countries. Other things equal, the more
significant the penetration of renewable energies, the more cross-border electricity flows will be
required in order to re-balance total supply and demand in national electricity systems.
In the presence of limited interconnection capacity, the variability of wind and solar PV has an
economically relevant impact on the convergence of electricity prices between European countries.
From the point of view of welfare economics, price convergence between countries is desirable as it
maximizes the combined surplus of the two countries. Due to the rapid development of VRE in
Germany coupled with constant bilateral interconnection capacities, however, prices between France
and Germany diverged in recent years. This development was dampened but not overcome by the
introduction of market coupling, which allows for a more efficient allocation of available
interconnection capacity, between the two countries (see Keppler, Le Pen and Phan (2016) for an
econometric analysis of the behaviour of French and German electricity prices between 2009 and
2013).
Table 2: The Convergence between French and German Electricity Prices (GWh)
(Percentage of hours with price differences of less than 0.1€)
Convergence Rate

2011
74.05%

2012
68.49%

2013
47.61%

2014
58.73%

Source: Keppler et al. (2016) and own calculations.
While the convergence rate increased somewhat again in 2014, this was a year of exceptionally low
wind production. The econometric study of hourly price and generation data shows that power
generation by both solar PV and wind in Germany clearly has a positive impact on the price spread.
Keppler et al. concentrated on the role of interconnections congestion in this context. Prices thus
converge as long as interconnection capacity is available and power flows can circulate freely
between all neighbouring countries and, in particular, Germany and France. However, during hours
when export demand due to massive German VRE production exceeds available interconnection
capacity, prices diverge. In an economic perspective, such price divergence translates into welfare
losses, which could have been avoided if more substantial interconnection capacities had been
available.
Assessing the impact of constraints on interconnection capacity, the article concluded that “the
significant increase in the production of variable renewables that Europe has witnessed in recent
years requires a new look at European power market integration. It poses, in particular the question
of… what is the socially optimal level of physical infrastructure provision of both at the national and
the European level.” This paper takes its starting point from this observation. It thus attempts to
answer the question “what would be the optimal level of interconnection capacity between France
and Germany given current levels of production of variable renewables?”
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3. DATA, METHODOLOGY AND THE CALCULATION OF CONSUMER AND PRODUCER SURPLUS
As far as exchanges on organized multilateral markets with transparent price formation are
concerned, most electricity trading takes place on the EPEX Spot and EEX exchanges that couple the
electricity markets of the majority of European countries. The hourly Day-ahead market remains for
the time being the most liquid platform for the different products that can be traded and is still
widely considered to provide the relevant reference for the price of electricity.
Electricity generation technologies vary by their costs structures and are dispatched according to the
increasing order of their variable costs. These variable costs form a bidding or merit order curve that
consists of a set of stacked quantity-cost tuples, which is equivalent to the short-term supply curve in
the electricity. In the presence of electricity produced by wind or solar PV at zero short-run marginal
costs, the merit curve shifts to the right (see Figure 1 below). As long as demand remains unchanged,
this means that technologies with lower variable costs will be selected and prices will fall.
Figure 1: Shifts in the Merit Curve Due to VRE with Zero Short-run Marginal Costs

In the short run, electricity demand is indeed highly inelastic to the prices due to the importance
attached by consumers to the continuity of electricity supply and due to the non-storability of
electricity. With time, demand response (DR) might introduce some flexibility on the demand side,
but current levels are still relatively modest. While demand is not elastic to ex post price changes, it
varies strongly according to different consumption patterns during the different hours of the day, the
week and the season.
With changes in the weather, also the effective supply curve of electricity represented by the merit
curve is characterised by strong hourly variations. Cross-european electricity trading implies handling
the respective supply and demand curves of two or more countries jointly, according to the overall
merit order, a process known as “market coupling”. Coupled markets match the buy and offer bids
independent of their origin. Exchanges between two countries continue for as long as the offer price
in one country is lower than the buy price in another, until prices converge or available cross-border
capacity is saturated. Market coupling also implies implicit rather than explicit auctioning. With
implicit auctioning, daily cross-border capacities are implicitly allocated among actors, depending on
their bidding on the different Power Exchanges. In other word, buyers and sellers automatically
receive the capacity needed without explicitly acquiring it separately.
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Despite the efficiency gains due to market coupling, due to the limitations in interconnection
capacity, some price divergence is the norm rather than the exception. This is why the market
operator, EPEX Spot, calculates since 2010 a benchmark, the European Electricity Index or ELIX,
which is the hypothetical market price that would prevail in all markets under the assumption that
interconnection capacity was unconstrained on the basis of the actual aggregated bid and offer
curves for all market areas.
The ELIX is an important indicator for the additional benefits of further market integration and
provides researchers, regulators and TSOs with an important benchmark for policy decisions,
including further investments in interconnection capacity.

Presentation of the data
The following section describes the data used to determine the welfare maximizing level of
interconnection capacity between France and Germany. The idea for this work to identify the optimal
level of additional capacity in markets with large shares of VRE follows up on the work by Keppler, Le
Pen and Phan (2016) on interconnection connection and price divergence. Using hourly offer and
supply curves to assess the welfare impact of increasing infrastructure capacity was first suggested in
an unpublished paper by Phan (2014).
All data used in this study is hourly data, in order to take into account intraday variations of variable
production. The precise data sets used were:


The EPEX Spot market auction prices for the market zones of France and Germany/Austria;



The ELIX price for each hour (EPEX Spot data);



The EPEX Spot auction aggregated demand and supply curves in the market zones of France
and Germany/Austria;



The import and export capacities for interconnection between France and Germany provided
by RTE.

The basic idea is to calculate the hourly variations in consumer and producer surplus in function of
different levels of added interconnection capacity. Let CSi be the consumer surplus and PSi the
producer surplus at each hour i, Di the quantity demanded at each price pi, Si the corresponding
supply and IC the available interconnection capacity and it holds that
𝑞𝑖

𝐶𝑆𝑖 = ∫ D𝑖 (𝑝𝑖 )dq − 𝑝𝑖 (IC) ∗ 𝑞𝑖 (IC)
0

𝑞𝑖

𝑃𝑆𝑖 = − ∫ S𝑖 (𝑝𝑖 )dq + 𝑝𝑖 (IC) ∗ 𝑞𝑖 (IC)
0

The crucial new step in this research is making use for the first time in economic research on
electricity markets of the hourly demand and supply curves (auction aggregated curves) in the French
and the German markets in order to calculate the prices and the respective surplus that would have
prevailed at different levels of interconnection capacity.
Such auction aggregated curves are a data set providing the price and quantity information for each
single offer or demand bid in both the French and the German market. The specific format in which
they are provided can be seen in Table 3 below. Offer bids are marked “sell”, demand bids (not
represented), are marked “buy”.
Table 3: Example of an Auction Aggregated Supply Curve
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(Price in Euros/MWh and Volumes in MWh)
Date

Week

Week Day

Hour

Price

Volume

Sale/Purchase

12/31/2014
12/31/2014

1
1

3
3

1
1

-500.00
-499.00

5,702
5,712

Sell
Sell

12/31/2014

1

3

1

-498.90

5,742

Sell

12/31/2014
12/31/2014

1
1

3
3

1
1

-498.00
-497.90

5,742
5,742

Sell
Sell

12/31/2014
12/31/2014

1
1

3
3

1
1

-200.10
-200.00

5,743
6,115

Sell
Sell

12/31/2014

1

3

1

-180.50

6,115

Sell

12/31/2014

1

3

1

-180.00

6,140

Sell

12/31/2014

1

3

1

-150.10

6,140

Sell

12/31/2014
12/31/2014

1
1

3
3

1
1

-150.00
-49.98

6,180
6,180

Sell
Sell

12/31/2014
12/31/2014

1
1

3
3

1
1

-49.90
-10.00

6,274
6,274

Sell
Sell

12/31/2014

1

3

1

-5.00

6,275

Sell

Source: www.epexspot.com
Taken together, these bids form demand and supply curves for each hour of the year. Below are the
examples of a demand and supply curve in the French electrical market.
Figure 2: Example of a Demand Curve in the French Market (3 June 2014, Hour 7)

Source: www.epexspot.com
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Figure 3: Example of a Supply Curve in the French Market (20 May 2014, Hour 8)

Source: www.epexspot.com

An overview of the methodology: working with NECs and NIDCs
Figure 4 below synthesizes the methodology employed. On the basis of the hourly offer and supply
curves from the EPEX Spot day-ahead market as well as from the observed exchanges between
France and Germany, net export curves (NEC) and net import demand curves (NIDC) for both
countries were constructed. To this purpose the offer and demand curves are linearized by means of
ordinary least square (OLS) regressions. In order to be able to treat the vast amount of data, a
number of small adjustments for extreme outliers and corrupted results were applied (see below).
Figure 4: Synthesis of the Methodology
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Net Export Curves (NEC) and Net Import Demand Curves (NIDC) are convenient tools for assessing
the welfare gains from increased electricity trading in France and Germany. Net Exports (NE) and Net
Imports (NI) are defined as the difference between local supply and demand, depending on whether
the latter exceeds the former or the other way round. Both NE and NI are positive quantities, hence
their mathematical definition with P* the equilibrium price at which local supply and demand are
balanced and no further trade takes place:
𝑁𝐸(𝑝) = 𝑆(𝑝) − 𝐷(𝑝) ∀ 𝑃 ≥ 𝑃∗
𝑁𝐼(𝑝) = 𝐷(𝑝) − 𝑆(𝑝) ∀ 𝑃 ≤ 𝑃 ∗ .
The Net Export Curve (NEC) and the Import Demand Curve (NIDC) respectively represent the market
price corresponding to net exports and imports. In other words, the NEC (resp. NIDC) provides for
each additional MWh exported (resp. imported) the price that would be observed in the market.
Combining the aggregate auction curves of the EPEX auctions with the demand and supply balances
of France and Germany, NEC and NIDC curves were constructed for each of the 8760 hours of the
year according to the following steps. Since the amount of data is large (around 600 Mo for one
year), the statistics Software R was employed.
First, aggregate auction curves were linearized concentrating on the affine parts and eliminating
extreme outliers. There is indeed good reason to believe that these outliers do not provide
economically relevant information. Very high or very low prices, for instance, are quoted for bids that
are inserted into the 24-hour bidding forms only for completeness sake but are not intended to be
actually executed. Working with linear demand curves is the only operationally feasible one. Trading
never takes place at such extreme values.
Given this premise, the choice to work with a very good fit for the overwhelming majority of quotes
was superior to the one of working with a mediocre fit for the totality of quotes. The criterion to
eliminate outliers was to exclude all points outside a 3-sigma band around the mean price of the
hourly data set. This yielded the following results:
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Table 4: Statistics for Outliers Eliminated from the Construction of NECs and NIDCs
Mean of percentage of outliers excluded for each hour
Maximum percentage of the points excluded at each hour
Minimum percentage of the points excluded at each hour
Mean of standard deviation of percentage of excluded points

2014
4.12%
31.7%
0.51%
1.75%

The linearized demand and supply curves from the hourly auction were then confronted with the
observed values for the domestic supply and demand in each country. The difference between
demand and supply curves from the EPEX Spot auctions and observed demand and supply provides
for each price the desired quantities for export and import. Needless to say, what stops these desired
quantities to be realised and reach full price convergence are limitations in interconnection capacity.
More precisely, one obtains:
o

The desired net exports for the exporting country, i.e., the difference between potential
supply and domestic demand; this provides the net export curve (NEC).
o The desired net imports for the importing country, i.e. the difference between desired
demand and domestic supply; this provides the net import demand curve (NIDC).
Below are provided examples of for a French net import demand curve (NIDC) and a German net
export curve (NEC).
Figure 5: A French Net Import Demand Curve (NIDC)

Source: www.epexspot.com and www.rte-france.fr
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Figure 6:

A German Net Export Curve (NEC)

Source: www.epexspot.com and www.rte-france.fr

A certain number of further adjustments to the results of the econometric regressions for specific
hours became necessary as completeness of the data was a prerequisite for the necessary
automation process. Such adjustments were applied in two cases:
o

If there existed a significant difference, more than €10, between the real equilibrium price
reported for France and Germany provided by EPEX and the equilibrium price resulting from
the linear regressions of the model.

o

If there existed a significant difference, more than €15, between the ELIX price and the
unconstrained equilibrium price predicted by the model.

In both cases, exchanges with third countries that were not included in the model are the obvious
explanation for such divergences. The amounts chosen reflect the arbitrage between maintaining
completeness of data as high as possible and the need to exclude individual data points that were
clearly determined by factors outside the model. In these cases, the linear regressions of the
reported supply and demand curves were rejected and NECs and NIDCs were constructed on the
basis of the reported equilibrium values for national prices and the ELIX. These provide neutral
results included only to satisfy the completeness requirements of the automation process. The share
of thus adjusted hourly values out of a total of 8 760 hours per year was less than 1.5% (see Table 5
below).
Table 5: Number of Rejected Estimations
Divergence with reported real equilibrium prices
Divergence with ELIX
Divergence with reported prices and ELIX

2014
88
29
11

These adjustments permitted to establish a complete and workable set of NEC and NIDC curves for
calculating with the help of the software R the welfare implications of the stepwise provision of
additional interconnection capacity on social welfare.
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The welfare benefits of providing additional interconnection capacity: basic concepts
As indicated by Turvey (2006), interconnecting two or more regions has several positive
consequences such as reducing investment costs, unserved energy and operating cost. These gains
show up in the respective net import demand curves. Consumers in the high-price country and
producers in the low-price country will gain, while consumers in the low-price country and producers
in the high-price country will lose, with net gains being unequivocally positive.5
Following Spiecker et al (2013), we use a simple two-country linear model to analyse how market
coupling increases social welfare thanks to interconnection, and how those gains are distributed
among the different agents, namely electricity consumers, producers and the TSOs. Consider two
countries A, the importing one, and B, the exporting one with an occasionally congested
interconnection. As a result, there is a price divergence between the different market places: the two
countries have a different equilibrium price 𝑃𝐴0 and 𝑃𝐵0 due to differences in generation costs. As an
electricity exporter country B is the low-cost area, with 𝑃𝐵0 ≤ 𝑃𝐴0 . Integrating the two energy
markets, thanks to investments in interconnection capacity or market coupling, allows electricity to
flow from B to A, causing prices to converge, increasing social welfare in the process.
The resulting welfare gain from electricity trading can be interpreted as a reduction in the
deadweight loss, i.e., the opportunity cost of mutually beneficial trades that were not made, due to
limited interconnection capacity. Maximizing social welfare is equivalent to minimizing this
deadweight loss.
Figure 7: Welfare Impacts Due to Additional Interconnection Capacity

Improving social welfare implies a trade-off with the earnings of the operator of the interconnection,
however. As capacity is constrained and price differences persist during a certain number of hours,
this price difference generates an income for the TSOs, referred to as the congestion rent (CR). The
congestion rent is calculated straightforwardly as the product of the price gap and the electricity flow
from the low-cost area to the high cost area:
𝐶𝑅 = (𝑃𝐴 − 𝑃𝐵 ) × 𝑄𝐼𝐶 .
5

The net gain in welfare is ensured by the possibility of arbitrage. If the gains of the winners from market
coupling were not larger than the losses of the losers, it would be profitable for consumers in the exporting
low-price country to buy back the electricity sold abroad. Conversely, it would be profitable for the producers
in the importing high-price country to sell electricity at less than the new equilibrium price.
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Consider now that investments are made to increase the interconnection capacity between the two
countries. This enables country B to export more by using the added interconnection capacity. Figure
5 above shows that the new transmission capacity (moving from 𝐼𝐶𝑛 to 𝐼𝐶𝑛+1) allows electricity to
flow from the low-cost area to the high-cost area. In country B, producers face higher demand, and in
country A, consumers can buy additional electricity at lower prices thanks to cross-border exchanges.
The shift of the demand from supply in country A to supply in country B causes prices to converge, as
they increase in country B and decrease in country A.
The blue-coloured area represents the newly available advantageous trades that are possible
following the investment in new interconnection capacity and the associated gains in consumer and
producer surplus resulting from price convergence. For each increment of added interconnection
capacity, the surplus resulting from these new trades can be split into three different components:


The additional consumer surplus in importing country A, noted ∆𝑆𝐶𝐴 (or SA in Figure 5);



The additional producer surplus in exporting country B, note ∆𝑆𝑃𝐵 (or SB in Figure 5);



The reduction in the congestion rent which is shared, by assumption, equitably between the
TSOs of the two countries.

As indicated above, interconnection capacity is costly and some remaining congestion is thus socially
optimal. This implies also in the optimum the continuing existence of a residual deadweight loss (in
red in Figure 5) as well as a continuing congestion rent (in striped green).

4. RESULTS: DETERMINING THE OPTIMAL INVESTMENT IN ADDITIONAL INTERCONNECTION
CAPACITY
On the basis of NECs and NIDCs constructed on the basis of the observed aggregated auction curves,
welfare changes were calculated for each hour in function of step-wise incremental increases in
interconnection capacity. Summing the combined welfare increases on the producer and the
consumer side over the 8 760 hours of the year provides the annual increase in welfare for each step
increase of interconnection capacity. This benefit in welfare terms is confronted with the annual cost
of augmenting interconnection capacity. The point of equality between costs and benefits indicates
the socially optimal increase in interconnection capacity.
The first step is, of course, the estimation of the NECs and the NIDCs for each of the 24 hours of the
365 days of the year. As indicated in Table 6 below, this allows immediately the determination of a
no-congestion interconnection capacity (Optimum added IC quantity) that would ensure full price
convergence between the two countries at an equilibrium price (Optimum added IC price) that can
be confronted for verification with the ELIX and the reported market prices in France and Germany.
As explained earlier, the differences of the calculated values with the ELIX are due to the fact that the
present model only considers two markets (France and Germany/Austria) whereas the ELIX takes
into account all the markets to which France and Germany are connected. As expected, the mean of
the difference between the full convergence price and the ELIX is positive. A higher number of
participant countries in trading, as is the case with the ELIX, will always allow for achieving more
efficient outcomes than trading arrangements with a more constrained number of participants. The
linear coefficient of correlation R² for the estimation of NECs and NIDCs for 2014 is above 0.90.

16

Table 6: Summary Information for NECs, NIDCs

The results show that the full convergence interconnection capacity varies strongly hour by hour.
Ensuring complete convergence at all times would require near-infinite capacity, which is clearly not
optimal given the associated costs. The following cost-benefit analysis thus provides precisely an
assessment of optimal level of capacity investments, which maximises benefits over the year.6
On the basis of the linearized NECs and NIDCs, it was possible to assess first the prices in France and
in Germany for each added increment of interconnection capacity in every single hour. This allows
subsequently, the calculation of the consumer and the producer surplus, the congestion rent, as well
as the resulting total gain of social welfare, again at the hourly level for each increment in
infrastructure capacity. For each hour capacity was added until prices converged completely. Table 7
below shows the format in which the results were obtained for four capacity increments from 50 to
200 MW.

6

Clearly, a definitive analysis of investment needs in additional interconnection capacity would have to take
into account the fact that results vary strongly from year to year in function of consumption patterns and the
weather. Ideally, multi-year or average data over the prospective lifetime of the project would need to be used.
This issue harks back to the methodological discussion in section 1. Full assessments of the economic benefits
of infrastructure provision must make use both of available microdata of real economic behaviour as well as of
the insights about future multi-year developments that can only come from scenario building.
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Table 7: Hourly Prices, Surplus and Congestion Rent for Different Capacity Additions

The welfare gains obtained for each hour of the day and for each day of a year were added in order
to assess the annual social welfare increase for each increment of added interconnection capacity
(2014 data). Figure 8 below shows the total results obtained in graphic form.
Figure 8: Annual Welfare Increases in Function of Different Levels of Additional Interconnection
Capacity between France and Germany
(Euros, 2014 Data)
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As one would expect, the function is increasing and convex. Up to the point of capacity where prices
converge at all hours, adding interconnection capacity always increases the social surplus albeit at
progressively smaller increments. Increasing capacity up to a point that would allow price
convergence at all hours would imply for the year 2014 the extremely high level of 28.6 GW of
interconnection capacity.
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Assessing the cost side
In order to determine the optimum level of additional interconnection capacity, it is necessary to
confront its benefits with the corresponding costs. Marginal costs and benefits will be equalised at
the optimum.
Precise cost data for the construction of additional interconnection projects between France and
Germany is unfortunately unavailable. The Ten Year Network Development Plan (TYNDP) of ENTSO-E
does, however, provides the overall investment costs of new interconnection capacity of 1 000 MW
between France and Germany. Under the hypothesis that cost is a linear function of capacity it is
then possible to determine that the investment cost for an interconnection line (CIC) between France
and Germany is roughly equal to 𝐶𝐼𝐶 = 100 000 € per MW for a line with a length of 50 km. Taking a
discount rate (i) of 4% and, following the TYNDP, a lifetime (n) of
25 years, the annual annuity (A) per MW will be determined according to:
𝐴=

𝑖∗𝐶𝐼𝐶
1−

1
(1+𝑖)𝑛

= 6 401 €/MW.

For an interconnection with a capacity of 1 000 MW, this will amount to annual costs of roughly 6.4
million Euros.
While currently the costs of investments in electric lines are not published by the TSOs, any future
refinement of this analysis of the costs side would need to consider that:





Cost is not necessarily a linear function of capacity;
Maintenance costs were not included here;
The discount rate may vary from the one used above;
The lifetime of the interconnection capacity to be installed needs to be verified.

In addition, a more precise analysis would need to take into account that the total physical
interconnection capacity is not available in its entirety for the commercial exchanges that are the
basis of our analysis. Any gross interconnection capacity would also need to be adjusted for the
Transmission Reliability Margin (TRM), which is the security margin deducted from the gross physical
IC to cover unexpected events such as:




Unintended load frequency changes;
Emergency exchanges;
Constraints on voltage changes.

Following the deduction of the TRM, which is partly a function of the amount of VRE capacity
available on both sides of the border, it is the Net Transfer Capacity (NTC) that represents the total
available capacity for commercial exchanges. The latter is composed of the Available Transfer
Capacity (ATC) for immediate auctioning, capacity that is allocated to long-term contracts, as well
capacity that is withheld for delayed auctioning. For modelling purposes, the NTC would be the
relevant metric as prices are a function of the sum of all commercial exchanges.

Putting benefits and costs together in order to establish optimal infrastructure capacity
The optimal amount of additional interconnection capacity is determined by equating the marginal
benefits and the marginal costs established in the two previous sections. Benefits are measured in
terms of the total annual increase in the sum of producer surplus, consumer surplus and the
congestion rent of the TSO, i.e., the total annual benefit (TB) gained from the more efficient pricing
of electricity due to each increment in interconnection capacity (ICC). Annualized investment costs
(AIC) are measured for each increment in capacity as indicated in the previous section. It is then
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beneficial to add interconnection capacity to the system as long as the benefit of each increment is
greater than its cost.
Total annual benefits (TB) from additional exchanges in electricity between the two countries are a
positive function of the added interconnection capacity (ICC) exhibiting decreasing returns to scale. It
thus holds that
𝑇𝐵 = 𝑓(𝐼𝐶𝐶) 𝑤𝑖𝑡ℎ 𝑓 ′ > 0 𝑎𝑛𝑑 𝑓 ′′ < 0.
Annualized investment costs (AIC) are a linear function of the added interconnection capacity. It thus
holds that
𝐴𝐼𝐶 = 𝑔(𝐼𝐶𝐶) = 𝑘 ∗ 𝐼𝐶𝐶 𝑤𝑖𝑡ℎ 𝑔′ = 𝑘 > 0 𝑎𝑛𝑑 𝑔′′ = 0.
Total social surplus (TSS) is maximized in function of the added interconnection capacity when the
sum of total annual benefits (TB) and annualized investment costs (AIC) is maximized
𝑀𝑎𝑥: 𝑇𝑆𝑆 = ℎ(𝐼𝐶𝐶) = 𝑇𝐵 − 𝐴𝐼𝐶 = 𝑓(𝐼𝐶𝐶) − 𝑔(𝐼𝐶𝐶).
At the optimum it holds that
𝜕𝑇𝑆𝑆 𝜕ℎ(𝐼𝐶𝐶) 𝜕𝑓(𝐼𝐶𝐶) 𝜕𝑔(𝐼𝐶𝐶)
=
=
−
= 0.
𝜕𝐼𝐶𝐶
𝜕𝐼𝐶𝐶
𝜕𝐼𝐶𝐶
𝜕𝐼𝐶𝐶
This yields
𝜕𝑓(𝐼𝐶𝐶)
𝜕𝑔(𝐼𝐶𝐶)
=
𝑜𝑟 𝑓 ′ (𝐼𝐶𝐶 ∗ ) = 𝑔′ (𝐼𝐶𝐶 ∗ ) = 𝑘.
𝜕𝐼𝐶𝐶
𝜕𝐼𝐶𝐶
The thus defined point is a maximum due to the fact that over the whole range it holds that
ℎ′′ (𝐼𝐶𝐶) = 𝑓 ′′ (𝐼𝐶𝐶) − 𝑔′′ (𝐼𝐶𝐶) = 𝑓 ′′ (𝐼𝐶𝐶) + 0 = 𝑓 ′′ (𝐼𝐶𝐶) < 0.
In other words, the marginal annual benefits in terms of added surplus from trading need to be equal
to the marginal annual costs in terms of the annualized investment costs of the added
interconnection capacity.
Clearly, adding interconnection capacity is not an entirely differentiable function. The optimal
additional interconnection capacity (ICC*) is thus the largest additional capacity for which it holds
that
𝑓 ′ (𝐼𝐶𝐶) ≥ 𝑔′ (𝐼𝐶𝐶) = 𝑘.
Applying this reasoning to the data, the optimal additional level of interconnection between France
and Germany on the basis of 2014 data can be established amounting to 1 900 MW (see Figure 9
below). Given that current interconnection capacity is at 3 600 MW, this implies that the overall
optimal interconnection capacity between France and Germany would be 5 500 MW. The additional
total annual benefit of this increase (based on 2014 data) would amount to € 38 million, while the
additional annual costs would amount to slightly less than € 12 million. Joint annual net benefits
would thus amount to € 26 million.
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Figure 9: Determination of the Optimal Interconnection Capacity
between France and Germany
(Euros, 2014 Data)
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This result is of the same order as the one derived at in the 2030 scenario presented in the TYNDP
2016, which indicates a reference transmission capacity of 4 800 MW. It should, however be kept in
mind that the TYNDP works with considerably higher shares of VRE in production, which would
suggest an optimum for the French-Germany interconnection higher not only higher than 4 800 MW
but even higher than the 5 400 MW calculated in this paper on the basis of the real market data
provided by electricity producers and consumers. The ancillary benefits of added interconnections
that are valued in the TYNDP would further support this conclusion.
This underscores the usefulness of the contribution that the empirical, market-based methodology
proposed here can make to the assessment of the optimal interconnection investment. It provides, in
particular a methodologically sound benchmark of the economic value of interconnection capacity
based on market microdata.

5. CONCLUSION
Interconnections for cross-border electricity flows are at the heart of the project to create a common
European electricity market. Interconnections allow exporting electricity from countries with
relatively lower costs of production to those with relatively higher costs of production thus increasing
economic efficiency and welfare.
The significant increase in production from variable renewables such as wind and solar in recent
years has made the need for increased interconnections in European electricity markets more
urgent. Production from wind and solar clusters around a limited number of hours per year and thus
saturates given levels of existing infrastructures more frequently than before and thus requires
ceteris paribus higher levels of interconnection capacity. The general qualitative implications of this
autocorrelation are widely recognized. The challenge for regulators and electricity policymakers is to
determine the optimal amount of interconnection capacity in function of these new realities.
Scenarios and simulations such as those developed in the Ten Year Network Development Plan by
ENTSO-E aim address precisely this challenge. While indispensable, such modelling increasingly
21

require empirical verification due to the rapid structural change that European electricity markets are
undergoing in the context of the energy transitions under way in a number of European countries.
The present paper proposes a new empirically-based methodology to perform Cost-Benefit analysis
for the determination of optimal interconnection capacity for French-German electricity exchanges.
Using a very fine dataset of hourly supply and demand curves from the EPEX Spot day-ahead market,
we constructed the net export curves (NEC) and net import demand curves (NIDC) of both countries.
To this purpose the offer and demand curves were linearized by means of ordinary least square (OLS)
regressions. On the basis of NECs and NIDCs, the increase in welfare for each incremental increase in
interconnection capacity was determined hour by hour. Summing the welfare increases over the 8
760 hours of the year an annual total was obtained for each step increase of interconnection
capacity. This benefit in welfare terms was confronted with the annual cost of augmenting
interconnection capacity. The point of equality between costs and benefits indicated the socially
optimal increase in interconnection capacity between France and Germany.
The authors of this study strongly believe that such empirical analysis in complement to the use of
simulation models is becoming increasingly important as European electricity markets are becoming
considerably more complex. As the technical and behavioural parameters of the electricity system
are no longer stabilized, the econometric verification of scenario results becomes ever more
necessary in order to arrive at pertinent conclusions concerning the infrastructure needs required to
optimize welfare in electricity markets at the European level.
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