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This paper compares the impact of the Nodal Pricing and EuropeanMarket Coupling organizations on different eco-
nomic agents of the power systemunder twomainwind policies. Under the “priority dispatch” policy, Transmission
System Operators (TSOs) must accommodate all wind energy produced, which thus has the priority over energy
produced by conventional plants; in the “no priority dispatch” policy, TSOs can decide not to inject all potential
wind power in the grid in order to limit congestion problems. The effects of these two wind policies are measured
by developing simple stochastic programming models that consider cases with different wind penetration levels,
existing capacities and endogenous investments, as well as assumptions on the EU-ETS.
Our computational experiments show that, when there is “priority dispatch”, Nodal Pricing andMarket Coupling
evolve in a similar way as long as wind penetration is not too high. In contrast, a signi!cant increase of wind
penetration causes the collapse of the Market Coupling organization while Nodal Pricing continues to perform
well. On the other hand, “no priority dispatch” removes most of the problems resulting from Market Coupling,
which still exhibits a slightly lower ef!ciency than Nodal Pricing. These outcomes do not depend on the
contextual assumptions (!xed capacities vs. investment; EU-ETS vs. non EU-ETS) that characterize the several
cases analyzed. This suggests that our policy conclusions are robust. Furthermore, our models overestimate the
"exibility of conventional plants, which means that these conclusions would likely be reinforced with a more
detailed model.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The development of renewable energy is a key element of European
climate policy. A !rst objective is a 20% penetration of renewable energy
by the year 2020 (European Commission, 2009a). A follow up target is
an almost full decarbonization of the power system in 2050 (European
Commission, 2011a, 2011b). This development takes place in a complex
set of policies that involve the restructuring of the gas and power sectors
(European Commission, 2009b, 2009c), the Emissions Trading System
(EU-ETS) (European Commission, 2009d) and energy conservation
(European Commission, 2011c). It is nowwell accepted that a high pen-
etration of wind generation poses long and short-term problems for the
restructured power sector (IEC, 2012). This paper deals with a short-
term question at the intersection of the renewable and restructuring
policies: we concentrate on some of the grid problems raised by the in-
troduction of intermittent sources in a restructured electricity market
organized using the Market Coupling regime that is now emerging as

the reference mechanism for managing transmission among European
countries.

The problem can be stated as follows. Wind speed and hence wind
generation cannot be forecastmore than a few hours before actual gener-
ation (four hours) (see Foley et al., 2012 for a recent survey). The whole-
sale electricitymarket clears a day ahead, that is,much beforewind speed
is known with any degree of certainty.1 Real time electricity injections in
the grid can drastically differ from those forecasted a day ahead. Thismay
pose grid management dif!culties: even though the estimated "ows
resulting from the clearing of the day-aheadmarket are normally feasible
for the grid,2 real-time"ows can violate grid constraintswith extremede-
viations from forecasted wind generation. The Transmission System
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1 An intradaymarket wouldmitigate this problem. One is currently in the design phase
as stated in ENTSO-E/Europex (2012) and Gence-Creux (2012) contributions on intraday.
This market will be built on the new “Flow BasedMarket Coupling” that has been delayed
for several years (see also Gence-Creux's contribution on the matter). It is thus dif!cult to
foresee what the ef!ciency of that system will be, since experience of the EU power
restructuring has in general encountered unexpected dif!culties. We accordingly do not
include the intraday market in this work.

2 We explain in Oggioni and Smeers (2013) that TSOs restrict announced “Available
Transmission Capacities (or ATCs)” in order to avoid as much as possible counter-
trading. This policy,which is sustainable in a systemwith few countries and littlewind, be-
comes more complicated with the multiplication of large zones and wind penetration.
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Operators (TSOs) must then restore feasibility by re-dispatching opera-
tions (knownas counter-trading). Past experienceswith the discontinued
zonal system in the US, evenwith comparatively lower wind penetration
(e.g. ERCOT), have shown that counter-trading may be very expensive
and even sometimes impossible when discrepancies between day-
ahead and real-time injections are too large. Needless to say, larger
wind penetration increases the possibility of greater discrepancies be-
tween the day-ahead and real-time injections; this in turn requires
more counter-trading operations and increases costs. We study the im-
pact of these possible discrepancies in this paper.

Real-time injections result from the dispatch of power generators,
includingwind generation.Which plants operate depends on the extent
to which wind potential exists and is turned into energy. Because wind
power is essentially free after the installation of the generation capacity,
itmay seemnatural to usewhateverwindenergy is available at anymo-
ment of time, even if this implies counter-trading. Alternatively, one can
allow TSOs to curtail wind generation to decrease expensive counter-
trading. We refer to the policy that requires TSOs to accommodate all
potential wind generated power as the “priority dispatch” policy. Alter-
natively, allowing TSOs to reduce wind generation (and hence to spill
some potential wind energy) is referred to as the “no priority dispatch”
policy. The literature contains many papers modeling the possibility of
wind spillage (see, e.g., Morales et al., 2011, 2012) but to the best of
our knowledge none of these analyze its impacts on the ef!ciency of
different market organizations. Our paper addresses the question
of the viability of “priority dispatch” and “no priority dispatch” policies
in Market Coupling and, if viable, which one is preferable from an eco-
nomic point of view.

We study this question by simulating these two wind priority poli-
cies on a stylized representation of part of the European power system.
In order to emphasize the role of the market architecture (here Market
Coupling), we compare the outcomes of the “priority dispatch” and of
“no priority dispatch” policies in Market Coupling with a Nodal Pricing
regime. Our models of these systems are highly stylized but they
capture two of the essential differences in these market designs. First,
the de!nition of the spot market is different: it takes place in real time
in thenodal systembut in the day ahead inMarket Coupling. The second
difference is in the spatial granularity of the grid: the market is cleared
at each physical node in the nodal system, using a full description of
the grid. It is cleared in virtual nodes or zones in Market Coupling,
using a simpli!ed representation of the grid that results from clustering
nodes into zones.

Nodal Pricing andMarket Coupling thus have different capabilities for
accommodating unpredictablewind energy. The objective of the compar-
ison of the “priority dispatch” and “no priority dispatch” policies through
numerical experiments is twofold: on one side, we numerically quantify
the gain achieved by the switch from the “priority dispatch” to the “no
priority dispatch” policy in Nodal Pricing; on the other side, we explore
whether the same switch also bene!tsMarket Coupling. In order to assess
these potential gains, we analyze different cases using these two market
designs. Speci!cally, we consider four different levels of wind penetra-
tion. Because model results always depend on assumptions, we verify
the robustness of our results by examining different “contextual cases”.
We !rst consider the alternatives of keeping conventional generation ca-
pacities !xed versus allowing for new investment. Because of the impor-
tance of carbon policy and the questions that it raises today in European
policy, we also consider the alternative system with and without EU-
ETS. We conclude that the results of our analysis of the “priority
dispatch” and “no priority dispatch” policies on “Nodal Pricing” and
“Market Coupling” are robust with respect to these assumptions.

The paper is organized as follows. Section 2 gives a brief introduction
to themodel and explainsmajor simpli!cationsmadewith respect to real
systems. Sections 3 and 4 respectively present the Nodal Pricing andMar-
ket Coupling models developed under the assumptions indicated above.
Section 5 contains the case study and the corresponding results for
Nodal Pricing and Market Coupling are explained respectively in

Sections 6 and 7. Section 8 provides further insight into our analysis. Fi-
nally, Section 9 is devoted to conclusions and !nal comments. Additional
model information and results are reported in Appendices.

2. Assumptions and modeling principles

Our analysis compares the performance of twomarket designs in the
presence of wind penetration. The models make important simpli!ca-
tions with respect to reality but retain some of the main differences
between the Nodal and Market Coupling organizations. The full set of
notation and equations are given in Sections 3 and 4.

We consider a spatial power grid consisting of generation and de-
mandnodes connected by transmission lines. Electricity can be generated
usingdifferent technologies characterized by capacity andoperating costs
and CO2 emissions. The price of emission allowances is exogenous. Capac-
ities can be exogenous or endogenous depending on the case; when
endogenous, the model includes the investment costs associated with
the amount and type of capacity. We do not model investment in wind
generation beyond specifying the wind capacity. Wind injections are
exogenous in every case but depend on the installed capacity and
wind availability. The models are static and cover a period of one day
decomposed into twenty-four hourly segments onwhichwe build differ-
ent wind scenarios (see Appendix D) and run dispatch models. Invest-
ment costs, when relevant, are converted to daily values (annualized
costs divided by 365).

This neglects important phenomena related to unit commitment
and equipment dynamics (conventional andwind), which become cru-
cial with wind penetration. We return later to the unit-commitment
issue and brie"y discuss how our simpli!cation can be overcome at
the cost of additional and sometimes non-standard computations.

The dispatch models are formulated as welfare maximization prob-
lems (computed over twenty-four successive hours) using exogenously
given inverted demand and cost functions. The grid is modeled using
standard Power Transfer Distribution Factor (PTDF) coef!cients (DC ap-
proximation of Kirchhoff's laws3). Real systems contain security criteria
such as N-k reliability, where the system with N components can oper-
ate with k contingencies occurring. We neglect these security issues
throughout and simply assume a single con!guration of the network
in all our computations.

Two representations of the grid affect the equilibria. The clearing of
the nodal market and counter-trading operations are performed on
the (assumed) true representation of the grid. The clearing of the day-
ahead market in Market Coupling is conducted on a zonal representa-
tion of the grid that is based on an aggregation of nodes and lines. We
use expected wind injection in the day-ahead market cleared by
Power Exchanges (PXs) with Market Coupling. The nodal-pricing mar-
ket clears in real time using actual wind injections. Counter-trading is
also conducted by TSOs in real time using actual wind injections.

Ourmodels contain considerable simpli!cations with respect to real
systems as we discuss in the next subsections. Speci!cally, we overesti-
mate the "exibility of conventional plants by not including start-up and
shut-down costs, which makes it easier to accommodate wind "uctua-
tion. A more realistic representation of the system would reinforce our
conclusions.

2.1. Implications for the Nodal Pricing system

2.1.1. Two settlement system
In contrast with our single, real-timemodel, nodalmarkets are orga-

nized as two settlement systems (see Stoft, 2002 for a textbook discus-
sion and ISO web sites, e.g. PJM, 2013). The day-ahead market is an
auction that commits the units and clears a forward energy market.
The real-time market is also organized as an auction but clears energy

3 See Appendices A.1 and A.2 respectively for Kirchhoff's laws and PTDF functioning.
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on an hourly basis, possibly after revising the commitment (see Stoft,
2002).4 The two settlements are of particular importance in thermal
systems, as the limited "exibility of the plants prevents an instanta-
neous adjustment to fast-changing and dif!cult-to-forecast events
(such as wind generation) and hence requires some ex ante action.
Our assumption of a single static dispatch model with fully "exible
equipment bypasses the need for a two settlement system but is obvi-
ously an important simpli!cation. It is possible to partially overcome
this approximation by considering a two settlement system modeled
as a single two-stage stochastic program, as stated in Pritchard et al.
(2010). An alternative is to use stochastic unit commitment models
that are currently a subject of intense research (see Papavasiliou and
Oren, 2013; van der Weijde and Hobbs, 2011). Both of these remedies
are only partial, as there is no universally accepted standard for
representing the two settlement system.

2.1.2. System representation
Nodal markets whether day ahead or real time clear on a nodal basis

de!ned by the granularity of the physical grid. Given thatwe donot rep-
resent grid security, we need only a single topology of the grid. Real sys-
tems embed a representation of security constraints. It is a standard
matter (even though possibly computationally demanding) to embed
N-k security constraints in dispatch or unit commitment models.

In contrast with these two simpli!cations that can be overcome at
the cost of additional computation, the inclusion in our model of mar-
kets for other ancillary services (such as reserves) would require a
change of paradigm. This would also cloud the comparison between
the Nodal Pricing andMarket Couplingmarket organizations, as the lat-
ter does not have markets for these services, or else organizes them in a
very different way.

2.2. Implications for the Market Coupling organization

2.2.1. Two settlement system
Market Coupling has become the paradigm of the European power

system. Today it is organized as a single settlement systemwhere the en-
ergy market clears one day ahead using forecasts. Deviations between
the planned transactions and real-time actions are settled through a reg-
ulated balancing mechanism which is not meant to be a real-time mar-
ket. Intraday markets exist in most European countries but, as stated in
ENTSO-E/Europex (2012) andGence-Creux (2012), remain largely in de-
velopment. Unit commitment constraints are directly included in so
called block orders submitted together with more conventional orders
in the day-ahead market (see Djabali et al., 2011 that describes the
COSMOS algorithm used for organizing Market Coupling in “Central
West Europe”). As in the nodal organization, our use of a continuous op-
timal dispatchmodel introduces a considerable simpli!cation by assum-
ing "exible power plants. In contrast with the nodal system, it would not
be a standard matter to remove these simpli!cations and to treat ma-
chine in"exibility as is done in the COSMOS model of Market Coupling.5

2.2.2. System representation
Market Coupling clears energy one day ahead on the basis of a zonal

representation of the grid. Its current implementation is based on a so
called “Available Transmission Capacity (ATC)” model of the grid and
should be replaced eventually by a “Flow-Based” model that is a !rst
and second law representation of an aggregate grid (see the reference
lists of Oggioni and Smeers, 2012, 2013; Oggioni et al., 2012, for studies

that use the "ow based system in the day-aheadmarket). These notions
have been extensively discussed in the European literature of the elec-
tricity market. We adopt the ATC model for the clearing of the day-
ahead market, because the notion of available transmission capacity is
well known and the model is the one currently in use. The “Flow-
Based” model is an idiosyncratic construction of the European internal
electricity market that is not yet operational; invoking that model in
this paper would unnecessarily complicate the discussion (see Appen-
dix B for more details). A remaining problem is the construction of the
simpli!ed, aggregate network used for clearing the day-ahead market.
There is no exact algorithm for doing so. TSOs have so far not published
their heuristic method of network aggregation which means that our
work is based on our own interpretation of this aggregation.

Network simpli!cations in the day-ahead market and differences
between wind forecasts and real-time realizations imply that TSOs
periodically have to intervene through counter-trading to restore the
feasibility of real-time "ows in the grid. This requires a second dispatch
model that uses a full representation of the grid, that is, the one used in
the nodal system. Because cross border counter-trading is still in evolu-
tion in Europe, we do not try to model a particular situation (as that
model would be idiosyncratic anyway) but adopt an ideal view of the
market based on !rst principles. Speci!cally, we assume a single PX
clearing the day-ahead market and a single TSO (this is a surrogate for
full cooperation, which is one of the stated objectives in the EU)
conducting counter-trading at minimal global cost on the zone covered
by themodel. This assumption can be interpreted either as representing
a TSO with perfect knowledge of cost and demand (which is a common
assumption in computablemodels) or as a perfectly competitivemarket
both in day ahead and counter-trading. The !rst interpretation should
better be described as optimal re-dispatch, while counter-trading is
well suited for the second interpretation. We simplify the presentation
by only referring to counter-trading.

3. Nodal Pricing models

This section presents the Nodal Pricing models. This market organi-
zation is not implemented in Europe but we still take it as the bench-
mark because of its properties of economic ef!ciency. The following
introduces relevant notation and the optimization models representing
the different assumptions on wind priority policies, investments and
emissions regulations.

3.1. Notation

Sets

• n ! N: Set of nodes;
• p ! P: Set of technologies;
• l ! L: Set of "owgates (or lines) of the transmission grid;
• s ! S: Set of scenarios considered;
• h ! H: Set of hours.

Parameters

• Gp,n: Hourly capacity of plant type p in node n (MWh);
• costs,p,n: Hourly variable costs of an existing unit p in node n ("/MWh);
• costinvp,n: Hourly variable costs of a new unit p in node n ("/MWh);
• Icostp,nh : Hourly !xed costs of a new unit p in node n ("/MWh);
• emp: Emission factor associated to technology p (ton/MWh);
• CO2price: Allowance price ("/ton);
• winds,nh : Hourly h realwind power produced at node n in each scenario
s (MWh);

• increases,nh : Hourly h increase in wind power production at node n in
each scenario s (%);

• !s: Probability associated to each scenario s (%);
• anh: Intercept of consumers' af!ne demand functions at node n in hour
h ("/MWh);

4 Forward transactions are settled at the forward price and deviations between the for-
ward and real-time transactions are settled at the real-time price. Virtual bidding (see
Celebi et al., 2010 and ISO web sites, e.g. PJM, 2013) takes place between the day-ahead
market and the real-time market and allows for arbitrage between the two.

5 Machine in"exibility is represented by constraints that can be modeled by standard
mixed integer programming formulations and hence treated by commercially available
codes; in contrast COSMOS is an idiosyncratic product speci!cally designed for Market
Coupling.

185G. Oggioni et al. / Energy Economics 42 (2014) 183–200



• bnh: Slope of consumers' af!ne demand functions at zone i in hour h
("/MWh2);

• PTDFl,n: Power Transfer Distribution Factor matrix of node n on
line l;

• Ll: Hourly limit of "ow through line l (MWh).

Variables

• gp,nh : Power generated in hour h by existing unit p in node n (MWh);
• ginvp,nh : Power generated in hour h by new unit p in node n (MWh);
• Ip,n: Capacity in hour h of new plant type p at node i (MWh);
• dnh: Power consumption in hour h by consumers located in node n
(MWh);

• Pnh(dnh): Inverse demand function in hour h at node n. This function can
be stated as Pnh(dnh) = anh " bnh # dnh;

• pnh: Electricity price in hour h at node n ("/MWh);
• winduseds,nh : Wind power used in hour h at node n in each scenario s
under the “no priority dispatch” policy (MWh);

• windlosss,nh : Wind power spilled in hour h at node n in each scenario s
under the “no priority dispatch” policy (MWh);

• "p,n
h : Marginal value (scarcity rent) in hour h of technology capacity p

in node h ("/MWh);
• phubh: Electricity price in hour h at the hub ("/MWh);
• !l

h,+,": Congestion rent of line l; depending on "ow direction (+,")
("/MWh).

3.2. Nodal Pricing models without investments

We !rst present themodels without investments in new generation
capacity for which we consider the following cases:

• Case 1: No Wind, no EU-ETS
• Case 2: No Wind, EU-ETS
• Case 3: Wind, priority dispatch, no EU-ETS
• Case 4: Wind, priority dispatch, EU-ETS
• Case 5: Wind, no priority dispatch, no EU-ETS
• Case 6: Wind, no priority dispatch, EU-ETS

These cases cover different assumptions on wind penetration (“No
Wind” and “Wind”) and wind policies (“priority dispatch” and “no
priority dispatch”) that we compound with EU-ETS assumptions (“no
EU-ETS” and “EU-ETS”). Note that the “priority dispatch” policy requires
the system operator to accommodate all wind generation. This effec-
tively corresponds to giving renewable generation a priority dispatch
and forcing conventional plants to adapt to it.

We !rst introduce a “base case” model without wind penetration
(“NoWind”model), that is then modi!ed to account for different levels
of wind penetration and the EU-ETS regulation.

3.2.1. Nodal Pricing model without investments: “No Wind”
The ISO maximizes social welfare over twenty-four hours and over

all nodes (1) by taking into account generation (2) and transmission
capacity (3) constraints. The clearing of the energy market is ensured
by condition (4). Electricity generated (gn,ph ) and demanded (dnh) are
non-negative variables (5).

Max
X

h;n

Z dhn

0
Ph
n #! "d#"
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h
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The objective function in Eq. (1) is the difference between the

consumers' willingness to pay ('h;n(
dhn
0
Ph
n #! "d# ) and the variable

costs incurred by generators. These are the fuel (' h,p,n costp,n # gp,nh )
and the emission (CO2price # ' h,p,n emp # gp,nh ) costs. Note that emis-
sion costs are zero in “Case 1” with no EU-ETS (CO2price = 0 and CO2-

price N 0 respectively in “Case 1” and “Case 2”.)

3.2.2. Nodal Pricing model without investments: “Wind”
Wemodify the Nodal Pricingmodel in Eqs. (1)–(5) by inserting wind

power and obtain the model in Eqs. (6)–(11) that summarizes the four
“Wind” cases listed above. These are obtained by changing the value at-
tributed to some variables and parameters as we now explain. Total
wind potential is identi!ed by the parameter winds,nh that depends on
node n, hour h and scenario s. Multiplying winds,nh by the parameter
increases,nh identi!es thepotential for aparticular assumptionofwindpen-
etration.6 Wind penetration requires a “wind balance constraint” (8) im-
posing that the wind potential under consideration (winds,nh # increases,nh )
equals the wind generation (winduseds,nh ) plus the unused wind po-
tential (windlosss,nh ). In the “priority dispatch” policy (“Case 3” and
“Case 4”), windlosss,nh is zero and winduseds,nh is exactly equal to the wind
potential. In the “no priority dispatch” policy (“Case 5” and “Case 6”),
windlosss,nh may be positive andwinduseds,nh is then lower than the wind
potential.

Wind power production affects both transmission and energy
balance constraints. Starting from Eqs. (3) and (4), we obtain con-
straints in Eqs. (9) and (10) by inserting variables winduseds,nh . As indi-
cated above, these variables are either equal or lower to the potential
wind depending on the wind priority policy.

Because of the uncertainty associated with wind energy production,
socialwelfare (6) is computed as the expected value over allwind scenar-
ios taking into account the parameter !s de!ning the probability attribut-
ed to each of these scenarios s. It is stated as follows:
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3.3. Nodal Pricing models with investments

The cases presented in Section 3.2 are adapted here for accounting of
investments in generation capacity.

6 The parameter increases,nh could be =0, =1 and N1. If increases,nh = 0, model in
Eqs. (6)–(11) becomes equivalent to model in Eqs. (1)–(5) with no wind penetration;
increases,nh = 1 implies a certain level of wind penetration that is increased by imposing
increases,nh N 1.
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3.3.1. Nodal Pricing model with investments: “No Wind”
The introduction of investment requires the following changes in the

model of Section 3.2.1. First, the objective function in Eq. (1) is trans-
formed into Eq. (12) that now includes the variable (' h,p,n costinvp,n #
ginvp,nh ) and !xed (' h,p,n Icostp,nh # Ip,n) costs of new power plants. CO2

emission costs now include those of new capacities through the variable
ginvp,nh .
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Newplant generation ginvp,nh also affects transmission in Eq. (15) and
energy balance in Eq. (16) and requires a new capacity constraint in
Eq. (14).

3.3.2. Nodal Pricing model with investments: “Wind”
The modeling of wind penetration follows the same reasoning

already explained in Section 3.2.2 for the “Wind” cases without invest-
ments. The Nodal Pricing model is as follows:
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4. Market Coupling models

Market Coupling is the most advanced organization of the European
electricity market. It is based on a zonal representation of the energy
market, where each zone is controlled by a PX and a TSO. TSOs provide
PXs with a simpli!ed representation of the transmission grid used to
clear the day-ahead market. The outcome of this operation may not be
feasible for the real network dependingon thewayATCs have been con-
structed (see Oggioni and Smeers, 2013) with the consequence that
TSOsmay have to engage in counter-trading operations to restore feasi-
bility. Market Coupling simpli!es the task of traders at the cost of
increased dif!culties for the TSOs and inef!ciencies for the market.
Oggioni and Smeers (2013), Oggioni and Smeers (2012) and Oggioni
et al. (2012) analyze some inef!ciencies due to the lack of coordination
between and within these two groups of market operators.

Regulation 714/2009 (see European Commission, 2009e) article 8
emphasizes the need for coordination among TSOs through the use of
common network codes, the development of which can be found on
the ENTSO-Eweb site.7 As already said, we simplify the problem and as-
sume that zonal PXs and TSOs operate in a coordinated fashion. In other
words, we assume that zonal PXs clear an integrated power market
(something that Market Coupling approximately achieves in the day-
ahead market, up to network approximations) and refer to a single PX.
We also assume that the TSOs fully cooperate, something that remains
a goal for the future. The integration of transmission is one of the objec-
tives of the European Third Energy Package (see European Commission,
2009e) and TSOs are currently developing multinational arrangements
especially in CentralWestern Europe. Actions to reinforce the coordina-
tion of TSOs in counter-trading are described in ACER/ENTSO-E (2012)
and Supponen (2012).Wemake the assumption of full TSO cooperation
and therefore refer to a single TSO in the rest of the paper. To sum up, in
the following, we make the assumption of full TSO and PX cooperation
and, therefore, can build the models as if there is one TSO and one PX.

In all models, we assume that the PX clears the energy market one
day ahead on the basis of forecasted (expected) wind generation.
Next, the TSO operates in real time to remove the possible dif!culties
caused by the deviations between real-time wind generation and the
day-ahead forecasts. Since wind can be spilled only in real time, the
modeling of the “no priority dispatch” policy is only a TSO counter-
trading problem.

Generators allocate their capacities between day ahead and real
time, with most of the trading taking place in day ahead and long
term contracts. This allocation can involve market power and will al-
ways require arbitrage between those two time periods.We do not rep-
resent these questions both for methodological and practical reasons.
Fromamethodological point of viewdealingwithmarket power and ar-
bitrage between day ahead and real time is a subject in itself; it would
dramatically complicate the discussion and distract from the objective
to measure a rather mechanical phenomenon due to Market Coupling.
A computationalmodel that would involve these issues (even only arbi-
trage without market power) would not scale, in contrast with the one
of this paper that can easily be adapted to a full representation of the
European grid provided data are made available (something that is in
process in European discussions). From a practical point of view
counter-trading and its relation to balancing is an opaque subject in
Europe and representing it would imply a lot of ad hoc simpli!cations.
Because there is also very little harmonization between Member States
on those matters, it would be impossible to come up with a reasonable
assumption for a multinational model. Our model therefore relies on
!rst principles. The clearing of the day head market is formulated as a

7 See https://www.entsoe.eu/major-projects/network-code-development.
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welfaremaximization; in the sameway counter-trading is conducted as
a welfare maximization problem using incremental costs and willing-
ness to pay computed at the outcome of the day ahead equilibrium.
This set up is compatible with an assumption of perfect competition in
both day ahead and counter-trading. It is also compatible with an as-
sumption of total cost minimization in counter-trading. Because the al-
location of the cost of counter-trading is opaque and country dependent
in Europe, we do not go beyond that representation and only report
total cost of counter-trading without allocation between generators
and consumers. The subject remains in evolution as one is moving to-
wards harmonization of those functions in Europe and we leave it to
the reader to make her own assumption on how counter-trading cost
will be obtained and allocated. In other words, the model is agnostic
on how generators can bene!t from counter-trading.

As in Nodal Pricing, we consider the cases presented in Section 3.2 to
Market Coupling.We list here the sets, parameters, and variables specif-
ic to this problem and complementary to those indicated in Section 3.1.
Speci!cally some notation changes are required to capture the zonal
representation of the energy market. We then present the Market
Coupling and the corresponding counter-trading models.

Sets

• r ! R: Set of zones (regions) in the network;
• nr ! R: Subset of nodes n ! N that are located in zones/regions r ! R;
• k ! K: Set of interconnections among market zones.

Parameters:

• ATCr,rr: Available Transfer capacity between zone r and rrwith r " rr
(MWh);

• expwindhnr : Hourly h expected (day ahead) wind power production at
node n located in region r (MWh);

• increasehnr
: Hourly h increase in wind power production at node n lo-

cated in region r (%).

Variables:

• Er,rrh : Hourly h electricity "ows from zone r and rrwith r" rr (MWh);
• &ds,nh : Hourly h counter-trading adjustments operated by the TSO on
power consumption at node n resulting from the Market Coupling
problem in each scenario s (MWh);

• &gs,p,nh : Hourly h counter-trading adjustments operated by the TSO on
power production by existing plants at node n p resulting from the
Market Coupling problem in each scenario s (MWh);

• &ginvs,p,nh : Hourly h counter-trading adjustments operated by the TSO
on power production by new plants at node n p resulting from the
Market Coupling problem in each scenario s (MWh).

4.1. Market Coupling models without investments

We follow themodeling of Oggioni and Smeers (2012). The PX clears
the energy market in the day ahead by maximizing the social welfare
stated in Eq. (25). It does so while satisfying limits on both plant gener-
ation capacities (see Eq. (26)) and the transfer capacities (ATCr,rr) of the
interconnections between zones r and rr (see Eq. (28)). The PX also en-
sures energy balances at the zonal level in Eq. (27) after accounting for
cross border trade. Finally, Eq. (29) imposes the non-negativity of ener-
gy demand dnh and generation gp,nh . The market clearing model of the PX
can be written as follows.
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This model in Eqs. (25)–(29) covers the “No Wind” cases (“Case 1”
and “Case 2”) listed above. In the “Wind” cases (from “Case 3” to
“Case 6”), the Market Coupling model differs only from Eqs. (25) to
(29), by the fact that the PX clears the day-ahead market taking
into account a forecast on wind potential here represented by the term
expwindhnr # increase

h
nr . This term is included in the energy balance con-

straint that becomes Eq. (30).
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As explained for Nodal Pricing models for parameter increases,nh ,
the parameter increasehnr is used to de!ne different levels of wind
penetration.

4.1.1. Counter-trading model without investments: “No Wind”
The TSO intervenes to restore network feasibility when the clearing

of the day-ahead market turns out to be infeasible for the grid in real
time, due to either the simpli!ed representation of the grid or the dis-
crepancies between expected and real-time wind generation. The TSO
counter-trades so as to minimize the total re-dispatching costs indicat-
ed in Eq. (31), taking into account several constraints. First, adjustments
&gp,nh and &dnh decided by TSO should be feasible in the sense that
corrected nodal generation and demand levels must remain nonnega-
tive (see Eqs. (32) and (33)) and compatible with plant capacities in
Eq. (34). Balances in Eqs. (35) and (36) require that the sum of all ad-
justments must be zero and that the sum of &dnh should equal that of
&gp,nh . Seen together, this means that TSO's interventions cannot modify
the trade obtained in the energy market. Finally, the resulting "ows
must be compatible with the transmission constraints of the real net-
work in Eq. (37) as expressed by the same PTDF matrix as in the nodal
models.
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Again, the EU-ETS regulation is modeled by the CO2 price (CO2

price = 0 or CO2 price N 0). In the computation of the equilibrium, it is
possible to link the Market Coupling and the counter-trading problems
through an access charge equal to the average re-dispatching cost thatwe
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denote as *. This * is computed by dividing the total re-dispatching cost
indicated in the objective function (Eq. (31)) by the total amount of elec-
tricity generated in the energymarket (' h,p,n gp,nh ) over the time period
considered (see Appendix D of Oggioni and Smeers, 2013 for a discussion
of this approach). In this paper, we simply assume that the welfare at the
Market Coupling equilibrium is given by the welfare before counter-
tradingminus the total re-dispatching costs (see Section 7 for the analysis
of the results).

4.1.2. Counter-trading model without investments: “Wind”
We modify the counter-trading model in Eqs. (31)–(37) by

inserting wind power and obtain model in Eqs. (38)–(45) that sum-
marizes the four “Wind” cases presented in Section 3.2. Generation
and demand adjustments (&gs,p,nh and &ds,nh ) now depend on scenario
s and the objective function becomes as indicated in Eq. (38). We add
constraint in Eq. (42) and change counter-trading operations in
Eqs. (35)–(36) and transmission constraints in Eq. (37) into
Eqs. (43)–(44) and Eq. (45) respectively. Wind energy balance in
Eq. (42) states that the wind potential winds,nh # increases,nh in real
time equals the amount of wind generation (winduseds,nh ) plus the
unused wind potential (windlosss,nh ). In “Case 3” and “Case 4”, wind
cannot be spilled (windlosss,nh = 0) and the wind potential (winds,
n
h # increases,nh ) is equal to the wind generated and injected in the net-
work (winduseds,nh ). The TSO is allowed to spill wind in “Case 5”
and “Case 6”, and wind generation may be lower than the poten-
tial. Constraints (43)–(44) now include the variations between
the wind effectively injected in the network (winduseds,n

h ) in

real time and the expected wind (expwindhnr # increase
h
nr ) used in

cleaning the day-ahead market. Transmission constraints in
Eq. (45) now account for actual wind levels (winduseds,nh ).
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The role of the parameter increases,nh is as explained in the Nodal
Pricing models. Finally, the average re-dispatching cost * is computed
taking into account the expected value of the total re-dispatching
costs divided by the total energy produced ' h,p,n gp,nh .

4.2. Market Coupling models with investments

The Market Coupling model without wind penetration in
Eqs. (25)–(29) presented in Section 4.1 (“Case 1” and “Case 2”) adapts
to investments as indicated below:
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ThePXmaximizes socialwelfare in Eq. (46), taking into account gen-
eration capacity constraints for both existing (Eq. (47)) and new
(Eq. (48)) plants, zonal balance (Eq. (49)), and interconnection capacity
limits (Eq. (50)). The objective function accounts for the emission costs
when CO2price is positive.

Wind penetration (from “Case 3” to “Case 6”) implies a modi!cation
of Eq. (49) into the equality in Eq. (52). Again, the termexpwindhnr

# increas
ehnr de!nes thewind forecast in the day-aheadmarket under the different
assumptions.
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In the following sections, we describe the counter-trading problems
associated to this Market Coupling models in the six cases presented
above.

4.2.1. Counter-trading model with investments: “No Wind”
Counter-trading can now take place on both existing and new

plants. Model in Eqs. (31)–(37) is accordingly modi!ed as follows:
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Re-dispatching costs incurred on new plants (' h,p,n costinvp,n #
&ginvp,nh ) are included in the objective function (Eq. (53)). Counter-
trading operations on these plants affect the energy variation balances
in Eqs. (59)–(60) and the transmission constraints in Eq. (61). The varia-
tions &ginvp,nh imposed on new plants should lead to total generation
of these plants that are non-negative in Eq. (55) and remain within
capacity in Eq. (57). Finally, the average re-dispatching cost * is
computed by dividing the total re-dispatching cost indicated in
Eq. (53) by the total amount of electricity generated in the energy mar-
ket (' h,p,n gp,nh + ' h,p,n ginvp,nh ) over the time period considered.

4.2.2. Counter-trading model with investments: “Wind”
The changes implied by the insertion of wind penetration in the

counter-trading models are similar to those described in Section 4.1.2.
More speci!cally, the variation balances in Eqs. (59)–(60) and the trans-
mission constraints in Eq. (61) respectively become as indicated in
Eqs. (69)–(70) and Eq. (71). Eq. (68) is added to de!ne the balance
among wind energy potential (winds,nh # increases,nh ), wind effectively
injected in the network (winduseds,nh ) and wind energy spillage in real
time (windlosss,nh ).

Min
X

h;s;p;n

costp;n # &g
h
s;p;n # !s &

X

h;s;p;n

costinvp;n # &ginv
h
s;p;n # !s &

&CO2price #
X

s;h;p;n

emp # &ghs;p;n & &ginvhs;p;n
! "

# !s"
X

h;s;n

!s #
Z dhn&&dhs;n

dhn
Ph
n #! "d#

s:t: !62"

ghp;n & &ghs;p;n$0 (ghs;p;n
! "

%h; s; p;n !63"

ginvhp;n & &ginvhs;p;n$0 (ghs;p;n
! "

%h; s; p;n !64"

dhn & &dhs;n$0 (dhs;n
! "

%h; s;n !65"

Gp;n"ghp;n"&ghs;p;n$0 "h
s;p;n

! "
%h; s; p;n !66"

Ip;n"ginvhp;n"&ginvhs;p;n$0 "invhs;p;n
! "

%h; s; p;n !67"

windhs;n # increase
h
s;n % windusedhs;n &windlosshs;n $h

s;n

! "
%h; s;n !68"

X

n
&dhs;n &

X

p;n
&ghs;p;n &

X

p;n
&ginvhs;p;n &windusedhs;n &

"expwindhn # increase
h
nr % 0 )h;1

s

! "
%h; s

!69"

X

n
&dhs;n"

X

p;n
&ghs;p;n"

X

p;n
&ginvhs;p;n"windusedhs;n

&expwindhn # increase
h
nr % 0 )h;2

s

! "
%h; s

!70"

"Ll&
X

n
PTDFl;n #

 
X

p
ghp;n & &ghs;p;n

! "
&
X

p
ginvhp;n & &ginvhs;p;n

! "

&windusedhs;n" dhn & &dhs;n
! "!

&Ll !h;$
s;l

! "
%h; s; l

!71"

The average re-dispatching cost * is computed as the ratio between
the expectation of the total average re-dispatching costs over the wind
scenarios in Eq. (62) and the total energy produced (' h,p,n gp,nh +
mh,p,nginvp,nh ).

5. Case study

5.1. The geographic scope

The analysis is conducted on an aggregate representation of the Cen-
tral Western European (CWE) electricity market as depicted in Fig. 1.
This network has nowbeenused extensively in the literature for looking
at problemswithmeshed grid. CWE is also the oldest implementation of
Market Coupling where it has been in use since November 2010.

5.2. The grid

The network is composed of lineswith limited transmission capacity
(see Appendix C) that connect !fteen nodes located in four main zones,
each corresponding to one of the European countries indicated in Fig. 1.
Consumers and generators are located at seven of these nodes: these are
the two big nodes in France and Germany respectively, two Belgian
nodes (Merchtem and Gramme) and three Dutch nodes (Krimpen,
Maastricht and Zwolle). The remaining nodes are auxiliary and used
only to transfer electricity.

The grid is modeled using a PTDF matrix8 in the Nodal Pricing and
counter-trading problems. The network is simpli!ed for the clearing of

Fig. 1. Prototype of the Central Western European electricity market.

8 See Appendix A.2 for a more detailed explanation of the functioning of the PTDF ma-
trix. The PTDF data used in our models are reported in Table 17 of Appendix C.
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the day-aheadmarket in Market Coupling and represented by zonal in-
terconnectionswith limitedAvailable Transfer Capacities (ATCs). In par-
ticular, we assume that the market is subdivided into four zones, each
corresponding to a country. These zones are connected by four intercon-
nections namely Belgium-Netherlands, France-Belgium, France-
Germany andGermany-Netherlands. In the absence of hard information
on how ATCs are obtained, we compute ATCs as the sum of the capaci-
ties of the aggregate "owgates connecting the nodes in the different
countries. Their values respectively amount to 2218 MW, 2372 MW,
2608 MW and 3867 MW. A PX and a TSO operate in each of the four
modeled countries. They are integrated into a single pool in the refer-
ence “Nodal Pricing model”. PXs and TSOs remain separated entities in
the implementation of Market Coupling. Recall that we assume that
PXs and TSOs coordinate their operations so that one can assume a sin-
gle PX and a single TSO in the model.

5.3. The generation system

Several generators operate both renewables (wind, run-of-river and
biomass) and conventional plants (nuclear, lignite, coal, CCGT and oil
based plants), whose capacity is reported in Appendix C. The model is
benchmarked on the year 2011, but we took 2012 data when available.
The technological representation of the system is standard: each plant is
characterized by its investment (see Table 19) and operational (fuel and
emission) costs (see Appendix C).

5.4. Wind assumptions

Wind potential is exogenous and depends on the wind penetration
level as indicated in the cases listed below:

• “No Wind”: No wind generation;
• “Wind”: Wind generation in the reference year (2012);
• “Wind Increase”: Wind capacities increase with respect to “Wind”.
We account for three wind increases denoted by “Wind I1”, “Wind
I2” and “Wind I3”. These are calibrated on the basis of the National
Renewable Energy Action Plans (NREAPs) foreseen by Article 4 of Di-
rective 2009/28/EC for each European Member Country. In particular,
the renewables electricity penetration shares of consumption should
achieve the targets of 19%, 11%, 10% and 24% by 2020 respectively in
Germany, France, Belgium and The Netherlands. Wind penetration
corresponds to those percentages in “Wind I1”. The levels are twice
as high in “Wind I2” and three times as high in “Wind I3”.

These different levels of wind potential are analyzed in the cases
presented in Section 3.2. More speci!cally, the “No Wind” penetration
is imposed in “Case 1” and “Case 2”; the “Wind” and the three “Wind
Increase” penetration levels are all tested in the cases with wind gener-
ation (from “Cases 3” to “Cases 6”). The construction of these wind sce-
narios is described in Appendix D. Wind penetration is here exogenous
and hence corresponds to exogenous infrastructure costs. Table 2 gives
an evaluation of wind generation infrastructure annual costs for the dif-
ferent wind penetration.

5.5. Other assumptions

The cases with endogenous investment in conventional generation
allow for investment in nuclear, lignite, coal, CCGT or oil plants and as-
sume that this new capacity is immediately available. The models re"ect
the current investment policies applied in Europe (e.g. investments in
nuclear is possible only in France; lignite is developed only in
Germany). Investments are obviously affected both by wind

penetration and environmental regulations, like the EU-ETS. The EU-
ETS regulates CO2 generated by speci!c installations as foreseen by Di-
rectives 2003/87/EC and 2009/29/EC through a cap and trade system.
Emission factors are technology dependent (see Appendix C). Following
the dispositions of the third ETS phase for the power sector, we require
that generators buy all permits needed to cover their emissions at a
market price that is given exogenously in this study. This additional
cost may affect investment choices. The current CO2 price is relatively
low (lower than 10 "/ton) and is considered to not give the right signal
to investors to build. Our “contextual cases” denoted by “no EU-ETS”
represent either a situation where the EU-ETS is not applied or stylized
versions of an EU-ETSwith a very low allowance price. Discussionswith
the European Commission are ongoing in order to possibly review the
cap and trade system and guarantee a higher allowance price. For this
reason, in our study, we impose an allowance price of 40 "/ton in the
“contextual cases” denoted by “EU-ETS”. A carbon price of 40 "/ton
could be considered as a reasonable target for a proper functioning of
the EU-ETS system.

We use a time horizon of twenty-four hours in a speci!c day (corre-
sponding to a scenario). For the computation of the parameters of the
inverse demand function, we took the average annual demand allocated
on a nodal basis as applied in Hobbs et al. (2004), a reference price of
60 "/MWh10 and a demand elasticity of"0.1 (see Appendix C).

6. Nodal Pricing results

Note at the outset that our nodal problem is in reality a pseudo
“Nodal Pricing” system: we effectively start from a zonal system, that
we conceptually treat as nodal and then build a coarser zonal system
for the analysis of Market Coupling. Notwithstanding this distinction
we keep referring to “nodal” and never use “pseudo nodal”. We !rst an-
alyze the impact of the “priority dispatch” and “no priority dispatch”
policies in the Nodal Pricing architecture. This is done by considering
the increasing wind market shares assumptions under different “con-
textual cases”. The analysis reports global welfare, consumers' surplus,
pro!ts of conventional and wind generators, and the TSO's pro!ts. It
also gives emissions and investment !gures. Except when explicitly
mentioned, all !gures are valued in euros (") and refer to a day in a
year because of our scenario construction. Recall that all results are ob-
tained assuming that consumers do not pay the cost of wind generation
infrastructure (which is taken as sunk and charged to the general public
budget). The estimate of the annual infrastructure costs is provided in
Table 2 for the reader's information and use.We !rst present the results

Table 1
Hourly !xed costs for new conventional plants (["]/MWh).

["]/MWh Germany France Merchtem Gramme Krimpen Maastricht Zwolle

Nuclear – 53.18 – – – – –

Lignite 31.77 – – – – – –

Coal 29.68 29.02 32.46 32.46 24.93 24.93 24.93
CCGT 14.86 13.95 15.92 15.92 11.07 11.07 11.07
Oil 19.86 19.86 19.86 19.86 25.32 25.32 25.32

9 Own computation based on IEA data (see IEA, 2011). We assume that generators can
only invest in new conventional plants, e.g. nuclear, lignite, coal, CCGT and oil based plants.
Investments in nuclear and in lignite are only allowed in France and in Germany
respectively.

Table 2
Wind generation infrastructure annual costs as a function of the wind penetration level.

K["] Wind Wind I1 Wind I2 Wind I3

Germany 4,942,336 11,658,970 23,312,997 34,971,967
France 703,732 2,714,293 5,428,587 8,142,880
Belgium 187,963 824,032 1,651,446 2,472,095
Netherlands 233,744 1,932,592 3,865,183 5,797,775
Total 6,067,774 17,129,886 34,258,213 51,384,716

10 We took EEX (European Energy Exchange) data as reference. See http://www.eex.
com/en/.
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of all models without investments in the different “contextual cases”
(Section 6.1); we then show those obtained when generators can
build new capacity (Section 6.2).

6.1. Nodal Pricing results without investments

Table 3 presents the results obtained in the different “contextual
cases” under the assumption of no investments in new generation
capacity. In this table, “Surplus”, “Pro!t”, “Wind”, “CO2 cost” and
“Network” respectively indicate consumers' surplus, conventional gener-
ators' pro!ts, wind generators' pro!ts, emission costs and TSO's pro!ts.

6.1.1. Welfare
We report welfare as affected by three main factors namely wind

penetration, the EU-ETS regulation and the priority dispatch policy
(Table 3). Wind penetration is the main factor and we report four sub
tables that each gives the variation of the different metrics as a function
of wind penetration.

Two expected phenomena are directly observable. First welfare in-
creases with wind penetration as this energy is free as long as infra-
structure costs are not taken into account. Second the EU-ETS is costly
as long as one does not take into account the recycling of the CO2 tax
into account (that is neglecting any possible “double dividend” bene!t).
One may note that the CO2 cost reduces with the progressive penetra-
tion of wind. Finally, the impact of the “no priority dispatch” policy
depends on the level of wind penetration, but not on the EU-ETS regu-
lation. We do not get into the detail of these questions that would
lead us too far from the comparison of the “priority” and “no priority”
policies.

Coming to this point (priority dispatch vs. no priority dispatch) one
notes that welfare values are identical when wind penetration is rela-
tively low, as in the “Wind” and “Wind I1” cases. This happens because
the network is able to accommodate all wind production without any
problems and thus there are no wind losses (see Table 4). The situation
changes whenwind penetration is particularly high, as in the “Wind I2”
and “Wind I3”. In these cases, congestion (and hence TSO revenue as
shown in row “Network” in Table 3) is reduced by not injecting all po-
tential wind in the network (see Table 4). Allowing for wind spill in

the “no priority dispatch” policy therefore leads to an increase of the so-
cial welfare compared to the corresponding cases under the “priority
dispatch” policy. As a last point to be kept in mind for the comparison
with Market Coupling, one notes that the overall welfare continues to
increasewithwind penetrationwhatever thewind and ETS policy. It in-
creases less under “priority dispatch” than in “no priority dispatch”, but
it keeps increasing. These trends are obviously driven by the extent of
congestion and hence by the capacities of the grid. It is impossible to
disentangle the effect of equatingdemandand generation and satisfying
network constraints in the clearing of the nodal system without
additional runs. This information would obviously be interesting if one
were to investigate the impact of a coordinated extension of the grid.
While this is much talked about, it does not seem to be a very realistic
prospect for the short-term future and is thus not treated here.

The position of the different agents inside this general welfare
evolution is generally what could be expected and hence is only brie"y
discussed below.

6.1.2. Consumers' surplus
Consumers' surplus steadily increases from the “No Wind” to the

“Wind I3” penetration level and this will remain so in all “contextual
cases”. This is due to the availability of free wind energy once the gener-
ation and transmission infrastructure is installed and paid for by the
general budget. Table 2 gives an evaluation of wind generation infra-
structure costs for the different wind penetrations. The !nal position
of the agents obviously depends on how these costs are allocated
among them.

Table 3
Nodal Pricing results without investments (daily values).

["] No Wind Wind Wind I1 Wind I2 Wind I3

Nodal Pricing, priority dispatch, no EU-ETS, no investments (Case 1 + Case 3)
Surplus 1,081,930,958 1,098,980,782 1,116,990,581 1,141,768,095 1,167,845,087
Pro!t 80,096,571 63,100,421 45,991,025 25,965,317 12,154,687
Wind 0 5,527,013 15,030,836 23,007,960 20,246,707
Network 305,518 863,329 1,467,031 2,022,013 2,133,045
Welfare 1,162,333,047 1,168,471,545 1,179,479,474 1,192,763,385 1,202,379,526

Nodal Pricing, no priority dispatch, no EU-ETS, no investments (Case 1 + Case 5)
Surplus 1,081,930,958 1,098,980,782 1,116,990,581 1,141,740,160 1,165,451,105
Pro!t 80,096,571 63,100,421 45,991,025 25,964,757 12,136,993
Wind 0 5,527,013 15,030,836 23,041,728 23,225,572
Network 305,518 863,329 1,467,031 2,018,682 1,880,424
Welfare 1,162,333,047 1,168,471,545 1,179,479,474 1,192,765,327 1,202,694,094

Nodal Pricing, priority dispatch, EU-ETS, no investments (Case 2 + Case 4)
Surplus 1,001,650,345 1,005,900,607 1,021,313,463 1,070,689,295 1,122,278,629
Pro!t 149,807,390 140,666,422 117,717,998 63,595,424 31,717,242
Wind 0 10,561,437 29,672,774 46,959,837 39,396,054
CO2 cost 37,047,635 31,879,178 22,865,381 11,922,344 4,893,792
Network 644,662 535,799 904,975 3,995,137 3,956,288
Welfare 1,115,054,762 1,125,785,087 1,146,743,829 1,173,317,350 1,192,454,421

Nodal Pricing, no priority dispatch, EU-ETS, no investments (Case 2 + Case 6)
Surplus 1,001,650,345 1,005,900,607 1,021,313,463 1,070,660,370 1,119,879,840
Pro!t 149,807,390 140,666,422 117,717,998 63,594,274 31,680,978
Wind 0 10,561,437 29,672,774 46,995,700 42,409,424
CO2 cost 37,047,635 31,879,178 22,865,381 11,922,330 4,892,995
Network 644,662 535,799 904,975 3,991,353 3,694,710
Welfare 1,115,054,762 1,125,785,087 1,146,743,829 1,173,319,368 1,192,771,957

Table 4
Nodal Pricing losses in the cases without investments in the CWE market (MW day
values).

MW day No Wind Wind 2012 Wind I1 Wind I2 Wind I3

Nodal Pricing, no priority dispatch, no EU-ETS, no investments (Case 1 + Case 5)
Wind loss 0 0 0 71 4,639

Nodal Pricing, no priority dispatch, EU-ETS, no investments (Case 2 + Case 6)
Wind loss 0 0 0 69 4,380

192 G. Oggioni et al. / Energy Economics 42 (2014) 183–200



6.1.3. Pro!ts of conventional generators
Conventional generators can only suffer from the penetration of

wind generation with their pro!t reductions accelerating between
the “Wind I1” and “Wind I3” penetration levels. This trend is again
common to all “contextual cases”. Pro!t decreases are due to sales
and price decreases but the interplay between them maybe subtle.
Sale losses due to wind penetration do not need much explanation.
Price changes are more dif!cult to decipher: prices should normally
fall with high wind generation as they effectively do here, but line
congestion could lead to higher prices at some nodes (see Tables 23
and 24 in Appendix E for an example). At the same time lower elec-
tricity prices, because of price responsive demand, induce an in-
crease in demand that partially compensates for the increased
wind generation.

6.1.4. Wind generators' pro!ts
Wind generators' pro!ts exhibit interesting patterns. Note that wind

generators are here paid at nodal price and do not bene!t from incen-
tives like feed-in tariffs or premium.Wind generators generally increase
their pro!ts up to and including “Wind I2”. Then pro!ts may dramati-
cally decrease depending on the case when moving from “Wind I2” to
“Wind I3”. The initially higher pro!ts can be explained by an obvious in-
crease in market share with a relatively stable electricity price environ-
ment (see Tables 23 and 24). Prices initially remain stable because wind
is not the marginal source of supply and prices are set by the fossil-fuel
plants. Once wind becomes the marginal source of supply and conges-
tion develops, prices fall dramatically. The drop of pro!t between
“Wind I2” and “Wind I3” in three cases (“priority dispatch” both with
and without ETS and “no priority dispatch” with ETS) is a remarkable
phenomenon in these runs. As mentioned above, wind generators
under the “priority dispatch” policy are in"exible and the nodal prices
require them to pay for that in"exibility. As an example, we !nd a
price of "1272 "/MWh in some hour in some wind location in case
“Wind I3”. This negative price would be reset to 0 if wind generators
could be shut down (and wind spilled). An in"exible injection that is
badly located pays the full price of that bad location in the nodal system.
Again, this pattern of thewind pro!t changes appears in almost all “con-
textual cases”.11

6.1.5. The TSO's pro!ts
The TSO clearly bene!ts fromwind penetration in these cases before

grid investments, as the TSO captures the rents from transmission con-
gestion. This bene!t becomes particularly large in cases “Wind I2” and
“Wind I3” compared to the “NoWind” case and results from a dramatic
increase in congestion due to wind generation, which is also the source
of the decreased pro!ts of wind generators in the “Wind I3” case. This
happens both with and without priority dispatch, even though the
congestion rents in the “Wind I2” and “Wind I3” cases in the “priority dis-
patch”policy arehigher than those registered in the “nopriority dispatch”
policy.

These phenomena illustrate the themeof the paper: even thoughwe
do not model the in"exibility of conventional generators and hence
overestimate the "exibility of the overall system, wind generation
under the “priority dispatch” policy already turns out to be a particularly
in"exible source of supply that causes considerable dispatching dif!cul-
ties. On the contrary, the “no priority dispatch” policymakes generators
"exible.Wind generators no longer have to pay for their electricity to be
takenwhen the penetration level becomes high and, instead, shut down
when a nodal price is negative (when they have to pay to produce).
Congestion decreases and the TSO loses the revenue accruing from
what was a highly congested system.

This phenomenon is exacerbated in the discussion of Market
Coupling.

6.1.6. Additional comments
A “no priority dispatch” policymay, at !rst sight, appear detrimental

to wind generators that are guaranteed to produce at their maximal po-
tential under “priority dispatch”. This is not true in the nodal system
where a generator receives a price equal to themarginal value of its con-
tribution to the system. A generator, whether wind or conventional,
then optimally shuts down when the marginal value of its generation
is lower than its operating cost. For wind, this means shutting down in
some location if the price at that location is negative, that is, if genera-
tion increases congestion. This is re"ected in the cash "ow from the op-
erations of the wind mills. These are given by the dual variables of the
capacity constraints and are here reproduced for the “priority dispatch”
and “no priority dispatch” policies in the different wind cases in
Tables 25 and 26 in Appendix E. Note that the pro!ts of thewind gener-
ators at low penetration levels (“Wind I1” and “Wind I2”) are the same
with both policies. Then, with larger capacities they are higher in the
“no priority dispatch” policy than with the “priority dispatch” policy.
Unsurprisingly this is especially true when wind is effectively spilled,
namely in “Wind I2” and “Wind I3”. Needless to say, this result depends
on a Nodal Pricing system that remunerates generators for the value
that they bring to the systemand does not cross subsidize between con-
ventional and renewable generators.

A related comment may be relevant for the TSO. Their pro!ts are
higher in the “priority dispatch” case than in the “no priority dispatch”
case in all “contextual cases”. This should obviously be balanced with
the obligation of the TSO to construct additional infrastructure to ac-
commodate intermittent sources. We do not delve into this issue,
which is much more complex than the assessment of capacity costs of
wind generation infrastructure reported in Table 2.

6.2. Nodal Pricing results with investments

Table 5 illustrates the results of the investment models under the
different “contextual cases” and the different wind penetration levels.
The principle is that generators invest when the rents on plant capacity
(usually referred to as scarcity rents) are higher than the !xed costs of
new capacity. The capacity constraints induce rents on plant capacity
when binding.

Tables 23–24 and Tables 25–26 in Appendix E respectively report
the electricity prices and the scarcity rents for the different wind levels
and at the different nodes: both decrease. Comparing these results with
the !xed costs of new capacity in CWE countries (see Table 1), the scar-
city rents associated with the different wind penetration levels do not
justify investments in conventional plants. Note that this model remu-
nerates energy only and hence does not account for the system services
that conventional plants render in a high-wind-penetration case
(e.g. ramping capabilities).

Investmentsmay occur when reducing some of the existing capacity
lowers costs. Considering the objective of emissions reductions and ef!-
ciency increases imposed by the Energy Roadmap 2050, generators
should replace coal-!red plants with gas-!red combined-cycle plants.12

This is con!rmed by the generators' recognition that half of the fossil
fuel capacity should be shut down in order to meet EU's goals for CO2

emissions reduction.13 Moreover, the application of the Directive
2001/80/EC (the so-called Large Combustion Plant Directive) that con-
trols sulphur dioxide (SO2) emissions imposes the closure, by the end
of 2015, of existing coal and oil plants installed before 1987 that are
not equipped with adequate emission abatement facilities. The combi-
nation of all these factors justi!es testing a case of reduced available

11 This does not happen in the contextual case “no priority dispatch, no EU-ETS, no in-
vestments” where the wind pro!ts increase also with the “Wind I3” penetration level.

12 Page 11 of the Roadmap 2050 European Commission (2011b), states “Gas will be crit-
ical for the transformation of the energy system. Substitution for coal (and oil) with gas in the
short to medium term would help to reduce emissions with existing technologies until at least
2030 or 2035.”
13 See http://www.rwe.com/web/cms/en/77256/rwe-power-ag/power-plant-new-
build/.
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capacity, in particular lignite and coal. According to the generators'
plans, we assume a cut of existing lignite and coal capacity of 50% and
we ran all investment cases under this assumption.

First, we observe that, even under this assumption, generators have
no incentives to invest in new capacity. Investments only appear in the
“NoWind” and “Wind I1”when there is nowind penetration or its level
is relatively low. Moreover, investments are affected by environmental
regulation but do not depend on the priority policy, whether in the
EU-ETS or the non EU-ETS. As expected, lignite plants (in Germany)
that operate without EU-ETS are replaced, with the implementation of
the EU-ETS, by nuclear (in France) and CCGT (see Table 6). The fact
that investments are independent of the priority policy is plausible be-
cause conventional generation is zero in periods where spillage is eco-
nomic, whether or not spillage is allowed. Thus, these periods do not
produce capacity rents that contribute to the value of adding capacity,
independent of the priority policy. These results should be treated cau-
tiously as operational requirements and startup costs that require con-
ventional generation to operate during the spillage times are not
modeled here but would impact investments.

Second, results show that investments do not effectively change the
comparison of the “priority dispatch” and “no priority dispatch” policies
(compare Tables 3 and 5) and the trends of the different “contextual
cases” already observed in Section 6.1. Again, wind spillage in the “no

priority dispatch” is only registered in “Wind I2” and “Wind I3” as indi-
cated in Table 7.

Finally,we can conclude that the comparisonof the “priority dispatch”
and “no priority dispatch” policies is not affected by the contextual cases:
the trend in the respective priority policies is similar with and without
investments.

7. Market Coupling results

Nodal Pricing14 by construction better takes care of the real physical
constraints of the system in the day-ahead auction, leaving less need to
adjust real"ows to economic transactions. This statement applieswhat-
ever the degree of re!nement of the representation of the system. It
thus also applies here even for the very rough description of demand,
the grid, and generation adopted in our test cases. Starting from the
“Nodal Pricing” system of the preceding section, we now turn to a
simulation of Market Coupling.

As discussed in Section 5, Market Coupling implies aggregating the
grid into a simpler ATC-based transmission system and replacing the
single “real-time” market clearing of the nodal system by a day-ahead
market clearing followed by counter-trading operations. It is important
to recall here that counter-trading is not a market and hence a day-
ahead market clearing followed by counter-trading is quite different

Table 6
Investments in Nodal Pricing with a 50% cut of lignite and coal existing capacity.

MW NoWind Wind Wind I1 Wind I2 Wind I3

Nodal Pricing, priority dispatch, no priority dispatch, no EU-ETS, investments
(Case 1 + Case 3 + Case 5)

Lignite 4,300 0 0 0 0

Nodal Pricing, priority dispatch, no priority dispatch, EU-ETS, investments
(Case 2 + Case 4 + Case 6)

Nuclear 5376 1915 0 0 0
CCGT 2524 0 0 0 0
Total 7,900 1,915 0 0 0

Table 5
Nodal Pricing results with investments and a 50% cut of the existing lignite and coal capacity (daily values).

["] No Wind Wind Wind I1 Wind I2 Wind I3

Nodal Pricing, priority dispatch, no EU-ETS, investments (Case 1 + Case 3)
Surplus 1,055,081,536 1,056,053,649 1,088,379,649 1,123,568,166 1,159,830,719
Pro!t 95,102,457 94,284,917 65,504,615 37,610,238 19,971,604
Wind 0 7,865,642 18,702,768 26,329,625 16,588,667
Network 1,183,598 1,161,485 882,285 2,032,601 2,737,717
Welfare 1,151,367,592 1,159,365,693 1,173,469,317 1,189,540,630 1,199,128,707

Nodal Pricing, no priority dispatch, no EU-ETS, investments (Case 1 + Case 5)
Surplus 1,055,081,536 1,056,053,649 1,088,379,649 1,123,300,661 1,152,625,380
Pro!t 95,102,457 94,284,917 65,504,614 37,608,600 19,845,679
Wind 0 7,865,642 18,702,768 26,651,435 25,783,520
Network 1,183,598 1,161,485 882,285 2,011,743 2,089,906
Welfare 1,151,367,592 1,159,365,693 1,173,469,317 1,189,572,438 1,200,344,485

Nodal Pricing, priority dispatch, EU-ETS, investments (Case 2 + Case 4)
Surplus 993,342,624 1,000,850,999 1,015,903,061 1,069,565,960 1,119,436,706
Pro!t 151,709,695 142,294,298 120,704,557 67,597,952 38,290,210
Wind 0 10,985,125 30,300,627 43,506,064 33,303,462
CO2 cost 32,863,142 30,479,887 22,353,292 12,181,930 6,168,946
Network 1,164,583 868,270 1,448,515 3,783,466 4,511,874
Welfare 1,113,353,760 1,124,518,805 1,146,003,468 1,172,271,511 1,189,373,306

Nodal Pricing, no priority dispatch, EU-ETS, investments (Case 2 + Case 6)
Surplus 993,342,624 1,000,850,999 1,015,903,061 1,069,300,705 1,111,717,336
Pro!t 151,709,695 142,294,298 120,704,557 67,595,342 38,099,949
Wind 0 10,985,125 30,300,627 43,827,226 43,174,607
CO2 cost 32,863,142 30,479,887 22,353,292 12,181,778 6,166,495
Network 1,164,583 868,270 1,448,515 3,762,138 3,779,549
Welfare 1,113,353,760 1,124,518,805 1,146,003,468 1,172,303,633 1,190,604,946

Table 7
Nodal Pricing losses in the cases with investments in the CWEmarket and a 50% cut of lig-
nite and coal existing capacity (MW day values).

MW day No Wind Wind 2012 Wind I1 Wind I2 Wind I3

Nodal Pricing, no priority dispatch, no EU-ETS, investments (Case 1 + Case 5)
Wind losses 0 0 0 695 21,560

Nodal Pricing, no priority dispatch, EU-ETS, investments (Case 2 + Case 6)
Wind losses 0 0 0 695 21,569

14 We reiterate at the outset that our nodal system is effectively “pseudo nodal”. The test
case is effectively a zonal system that we treat as nodal and on which we build a coarser
zonal system for representing Market Coupling.
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from a double settlement system where the day-ahead and real-time
markets successively clear on the same representation of the grid.

The sequence of day-ahead market clearing and counter-trading
found in Market Coupling, complicates the analysis when compared to
the nodal case. Table 8 in Section 7.1 and Table 10 in Section 7.2 are
thusmore involved than their counterparts in Section 6 in that they pro-
vide results for both the day-ahead market and counter-trading opera-
tions. In Tables 8 and 10, the !rst six rows refer to the clearing of the
energy market in the day ahead and have the same interpretation as
in the nodal case. The clearing of that market results in a total welfare
that is distributed among consumers' surplus, conventional and wind
generators' pro!ts, and the TSO's merchandizing surplus. Additional
rows deal with re-dispatching and complete the table in the following
way. The TSO engages in counter-trading if real-time wind injection
and grid constraints make real-time "ows infeasible for the grid. The
cost of counter-trading is reported in the row “Total Re-dispatching
Cost” or TRC. This cost is decomposed into fuel and emission costs
(when emissions are priced by the EU-ETS). Re-dispatching might
imply a switch towards cheaper but higher-emitting fuels, in which
case the row “of which CO2 cost” reports !gures higher than TRC. This
is only relevant under the EU-ETS policy. TRC must be subtracted from
welfare to give “Net welfare”. The two last rows of the table report the
“Average Re-dispatching Cost” (ARC) and “Average Re-dispatching

Cost Wind” (ARC wind), which are the total re-dispatching costs respec-
tively allocated over generation including and excluding wind. Total re-
dispatching cost must be charged to agents. A common policy is to allo-
cate it through access charges paid by consumers and generators accord-
ing to a certain rule (see ENTSO-E, 2012). Current policy is clearly to
charge the consumers. Onemight expect a reverse of this policy, resulting
in a charging of the cost to conventional generators if counter-trading be-
comes too important. Whatever the assumption, TRC can thus be
subtracted fromthepro!t of the conventional generators or from the con-
sumer surplus to get net pro!ts or net surplus depending on the adopted
allocation rule. We leave it to the reader to make an assumption on that
allocation.

As with the nodal system,we !nd that our comparison of the “prior-
ity dispatch” and “no priority dispatch” policy is not affected by the
“contextual cases”, which suggests that our conclusions are robust. For
this reason, and following up on the methodology adopted in the dis-
cussion of the nodal system, we analyze the results in some detail for
one contextual case and brie"y discuss the rest by comparison. Except
when explicitly mentioned, all !gures are in value in euros (") and
refer to a day in a year.

Finally, it is important to recall here that the succession of Market
Coupling on an simpli!ed network and counter-trading on the exact
network is not equivalent to Nodal Pricing, even in the simplest

Table 8
Market Coupling results without investments (daily values).

["] No Wind Wind Wind I1 Wind I2 Wind I3

Market Coupling, priority dispatch, no EU-ETS, no investments (Case 1 + Case 3)
Surplus 1,079,761,010 1,091,883,870 1,112,476,117 1,137,818,096 1,167,053,989
Pro!t 82,439,552 70,347,276 50,072,379 30,302,085 9,978,267
Wind 0 6,364,058 15,917,254 25,368,821 26,105,739
Network 251,556 876,667 1,925,605 1,486,637 1,955,283
Welfare 1,162,452,118 1,169,471,872 1,180,391,354 1,194,975,639 1,205,093,279
TRC 120,156 1,010,224 2,032,118 4,018,916 Infeasible
Net welfare 1,162,331,962 1,168,461,647 1,178,359,236 1,190,956,723 Infeasible
AVC 0.03 0.31 0.68 1.60 Infeasible
AVC wind 0.29 0.58 1.15 Infeasible

Market Coupling, no priority dispatch, no EU-ETS, no investments (Case 1 + Case 5)
Surplus 1,079,761,010 1,091,883,870 1,112,476,117 1,137,818,096 1,167,053,989
Pro!t 82,439,552 70,347,276 50,072,379 30,302,085 9,978,267
Wind 0 6,364,058 15,917,254 25,368,821 26,105,739
Network 251,556 876,667 1,925,605 1,486,637 1,955,283
Welfare 1,162,452,118 1,169,471,872 1,180,391,354 1,194,975,639 1,205,093,279
TRC 120,156 1,010,224 2,032,118 4,018,149 4,305,735
Net welfare 1,162,331,962 1,168,461,647 1,178,359,236 1,190,957,491 1,200,787,544
AVC 0.03 0.31 0.68 1.60 2.12
AVC wind 0.29 0.58 1.15 1.24

Market Coupling, priority dispatch, EU-ETS, no investments (Case 2 + Case 4)
Surplus 1,001,211,249 1,008,668,223 1,012,099,802 1,072,320,375 1,095,601,660
Pro!t 149,676,921 137,314,211 125,178,356 57,869,565 34,692,665
Wind 0 11,268,710 31,236,075 49,223,841 64,589,213
CO2 cost 36,516,362 30,817,885 21,576,410 8,776,848 2,182,337
Network 915,625 428,285 247,418 5,168,210 5,969,915
Welfare 1,115,287,433 1,126,861,543 1,147,185,242 1,175,805,143 1,198,671,116
TRC 232,721 1,123,477 2,783,613 6,454,269 Infeasible
Of which CO2 cost 510,205 1,179,313 2,161,134 4,903,115 Infeasible
Net welfare 1,115,054,713 1,125,738,066 1,144,401,629 1,169,350,874 Infeasible
AVC 0.07 0.35 0.98 2.68 Infeasible
AVC wind 0.34 0.84 1.91 Infeasible

Market Coupling, no priority dispatch, EU-ETS, no investments (Case 2 + Case 6)
Surplus 1,001,211,249 1,008,668,223 1,012,099,802 1,072,320,375 1,095,601,660
Pro!t 149,676,921 137,314,211 125,178,356 57,869,565 34,692,665
Wind 0 11,268,710 31,236,075 49,223,841 64,589,213
CO2 cost 36,516,362 30,817,885 21,576,410 8,776,848 2,182,337
Network 915,625 428,285 247,418 5,168,210 5,969,915
Welfare 1,115,287,433 1,126,861,543 1,147,185,242 1,175,805,143 1,198,671,116
TRC 232,721 1,123,477 2,783,613 6,454,269 9,944,625
Of which CO2 cost 510,205 1,179,313 2,161,134 4,903,115 4,036,841
Net welfare 1,115,054,713 1,125,738,066 1,144,401,629 1,169,350,874 1,188,726,491
AVC 0.07 0.35 0.98 2.68 5.19
AVC wind 0.34 0.84 1.91 2.95
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economic situation when there is no market power, no uncertainty and
no asymmetry of information (see Section 6 of Oggioni and Smeers,
2013).

7.1. Market Coupling results without investments

Table 8 shows the Market Coupling results in the “contextual cases”
without investments. A !rst and important insight is that the “no prior-
ity dispatch” policy signi!cantly affects Market Coupling especially
when the level of wind penetration is high. We !rst elaborate on this
point.

7.1.1. Welfare
Netwelfare has a different behavior depending on the application of

priority dispatch or not. In particular, when the “priority dispatch” policy
applies, net welfare increases from the “No wind” case to a maximum in
“Wind I2”, after which the system collapses in “Wind I3”. This collapse is
identi!ed by the appearance of “infeasible” in the !ve last rows of the
“Wind I3” column. This constitutes the remarkable difference between
Nodal Pricing and Market Coupling architectures: the interpretation is
that theMarket Coupling system crashes because counter-trading cannot
clear the market under the assumptions of “priority dispatch” and high
wind penetration. We observe here that, even though the clearing of
the day-ahead market does not reveal any problems with wind penetra-
tion (net welfare increases with wind penetration before paying for
infrastructure), counter-trading becomes very large in “Wind I2” and im-
possible to complete in “Wind I3”. The reason is that the clearing of the
day-ahead market is based on day-ahead forecast of wind injections
and on average transactions. When combined with real time high-wind
injections, the transactions cannot be accommodated by counter-
trading. This is true in all “contextual cases” and is the main message of
that set of “priority dispatch” cases. This implies that the “Wind I3”
column will be “infeasible” in all tables after counter-trading, notwith-
standing the apparently good results obtained before counter-trading.

The “nopriority dispatch” policy completely changes this picture, es-
pecially when moving from “Wind I2” to “Wind I3”. The collapse of the
Market Coupling system disappears here because the “no priority dis-
patch” policy reduces the demand on counter-trading by shutting off
the wind generation that creates excessive congestion. This is a direct
effect of the higher "exibility given to wind plants (see Table 9 for the
amount of wind spilled). However, this does not eliminate all conges-
tion, but only congestion that implies a counter-trading cost higher
than the value of the energy that it substitutes.Moreover, parallel to ob-
servations in Nodal Pricing, wind losses only appearwithwind penetra-
tion levels “Wind I2” to “Wind I3”.

Note that, independently of the priority policy, welfare in theMarket
Coupling before counter-trading is higher than in Nodal Pricing for the
corresponding cases. This is expected as Market Coupling gives here
(for the chosen ATC) an optimistic view of the system. In contrast, net
welfare is slightly smaller with Market Coupling after counter-trading
than in Nodal Pricing for all cases up to “Wind I2”, until the system
crashes in case “Wind I3” under the “priority dispatch” policy, and in
all cases in the “no priority dispatch” policy (compare Tables 3 and 8).
This is also expected as Market Coupling is, by de!nition, less ef!cient
than Nodal Pricing and hence should result in a smaller net welfare.

Finally, as already observed in Nodal Pricing, the application of the
EU-ETS leads to a reduction of the socialwelfare due to the CO2 emission
costs (compare the cases with and without EU-ETS in Table 8).

7.1.2. Consumers' surplus
Consumers' surplus before counter-trading always increases with

wind penetration. After counter-trading, the trend of the net con-
sumers' surplus differs depending on priority policies. In the “priority
dispatch” policy, it remains increasing up to “Wind I2”, even if the
whole TRC is allocated to consumers; in contrast it cannot be computed
in “Wind I3” when counter-trading cannot restore grid feasibility. In
practice, this implies curtailing and hence signi!cant welfare losses
that depend on curtailment rules. Under the “no priority dispatch” pol-
icy, net consumers' surplus increases proportionally with thewind pen-
etration level.

This is true in the all “contextual cases” and, when computable, con-
sumers' surpluses are similar in Market Coupling and Nodal Pricing.

7.1.3. Pro!ts of conventional generators
Pro!ts of conventional generators suffer from the penetration of

wind generation whether with and without wind spill (e.g. both in the
“priority dispatch” and in the “no priority dispatch”). Pro!ts accruing
in the day-ahead market tumble because of lower prices (see Table 27
in Appendix F) and loss of market share. TRC needs then to be allocated
between generators and consumers through access charges, which fur-
ther reduces pro!ts. One (in principle unrealistic but in any case instruc-
tive) possibility is to assume that TRC is entirely charged to conventional
generators, implying that the pro!tmade by those generators is equal to
the one accruing from the day-ahead market minus counter-trading
costs. Oneobserves that these net pro!ts are in general lower forMarket
Coupling than for the nodal systemwhenwindpenetration level is high.
This re"ects the cost of the increasing counter-trading activity that al-
ready appears in “Wind I1” (and results in the collapse of the system
in “Wind I3”).

7.1.4. Wind generators' pro!ts
Wind generators sell in the day-ahead market in Market Coupling

but are not penalized for deviating from these announcements in real
time, at least in this paper. We assume that wind generators bid their
expected generation in the day-ahead market, with the consequence
that their revenues steadily increasewith theirmarket share.Wind gen-
eration is thus entirely shielded from the congestion cost that they in-
duce. This does not mean that this cost disappears but simply that it is
paid by other agents whether consumers or conventional generators.
Consequently, it is a subsidy that adds to those already given for infra-
structure costs. The pro!ts accruing to wind generators from the day-
aheadmarket thus remain unchanged after counter-trading in all “con-
textual cases” with and without priority dispatch, except possibly in
“Wind I3” under the “priority dispatch” policywhere the revenue accru-
ing to these units should be determined by the rules that prevail in case
of curtailment.

7.1.5. TSO's pro!ts
The TSO collects the rent from saturated ATC that is before counter-

trading. As expected, that pro!t increases with wind. The total re-
dispatching cost is also increasing with wind penetration. As discussed
before, the way these costs are redistributed to agents depends on the
regulation of counter-trading. We do not make any assumption in this
respect and thus only report the total cost of counter-trading without
any reallocation.

7.1.6. Additional comments
Market Coupling, at least implemented in a way that shields wind

generators from counter-trading costs, is obviously favorable to these
generators independently of the priority dispatch policy. It adds a subsi-
dy to operations that comes on top of other subsidies for investments

Table 9
Market Coupling losses in the cases without investments in the CWE market (MW day
values).

MW day No Wind Wind Wind I1 Wind I2 Wind I3

Market Coupling, no priority dispatch, no EU-ETS, no investments (Case 1 + Case 5)
Wind losses 0 0 0 39 2,336

Market Coupling, no priority dispatch, EU-ETS, no investments (Case 2 + Case 6)
Wind losses 0 0 0 62 3,125
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computed on the basis of the levelized cost of wind generation obtained
by dividing the annual investment cost by an availability factor. Joskow
(2011) shows the fallacy of this average cost computation that however
remains inwide practice. Renewable generators imply service costs that
add to infrastructure costs; they thus imply both network and service
cost. These are often entirely charged to the rest of the system inMarket
Coupling. In contrast, most of these service costs, in particular conges-
tion costs, are imposed on the generators that cause them in “Nodal
Pricing”.

7.2. Market Coupling results with investments

Table 10 reports the results of the different “contextual cases” for
Market Coupling under the assumption of investment in new capacity.
As for Nodal Pricing, the values of the average scarcity rents computed
at full existing capacity are lower than the !xed costs of new conven-
tional capacity (as example, compare Tables 28, 29, 30 in Appendix F
with Table 1). For this reason, generators invest only when existing ca-
pacities are reduced. In order to be in line with the results of the Nodal
Pricing system, we still consider a 50% cut of existing lignite and coal
capacity.

Table 10
Market Coupling results with investments, 50% cut of lignite and coal existing capacity (daily values).

["] No Wind Wind Wind I1 Wind I2 Wind I3

Market Coupling, priority dispatch, no EU-ETS, investments (Case 1 + Case 3)
Surplus 1,055,522,941 1,072,004,698 1,076,943,005 1,120,179,370 1,157,652,666
Pro!t 94,505,713 80,529,070 76,137,587 38,826,175 13,857,795
Wind 0 7,787,261 21,117,740 31,717,600 30,981,107
Network 1,840,268 163,340 120,637 2,483,409 2,469,514
Welfare 1,151,868,922 1,160,484,369 1,174,318,969 1,193,206,553 1,204,961,083
TRC 1,055,928 1,259,609 2,375,742 Infeasible Infeasible
Net welfare 1,150,812,994 1,159,224,761 1,171,943,227 Infeasible Infeasible
AVC 0.27 0.36 0.81 Infeasible Infeasible
AVC wind 0.34 0.70 Infeasible Infeasible

Market Coupling, no priority dispatch, no EU-ETS, investments (Case 1 + Case 5)
Surplus 1,055,522,941 1,072,004,698 1,076,943,005 1,120,179,370 1,157,652,666
Pro!t 94,505,713 80,529,070 76,137,587 38,826,175 13,857,795
Wind 0 7,787,261 21,117,740 31,717,600 30,981,107
Network 1,840,268 163,340 120,637 2,483,409 2,469,514
Welfare 1,151,868,922 1,160,484,369 1,174,318,969 1,193,206,553 1,204,961,083
TRC 1,055,928 1,259,609 2,375,742 5,976,590 6,998,536
Net welfare 1,150,812,994 1,159,224,761 1,171,943,227 1,187,229,963 1,197,962,548
AVC 0.27 0.36 0.81 2.43 3.52
AVC wind 0.34 0.70 1.74 2.04

Market Coupling, priority dispatch, EU-ETS, investments (Case 2 + Case 4)
Surplus 993,427,684 1,001,250,706 1,003,329,303 1,073,036,817 1,092,289,039
Pro!t 150,922,823 139,490,554 129,969,466 57,113,978 35,659,040
Wind 0 11,937,590 32,912,808 49,112,752 66,702,365
CO2 cost 32,275,159 27,711,180 20,383,756 8,646,758 2,088,957
Network 1,745,939 919,211 1,173,252 5,215,801 6,158,866
Welfare 1,113,821,287 1,125,886,881 1,147,001,073 1,175,832,590 1,198,720,353
TRC 1,424,642 1,653,687 3,901,301 Infeasible Infeasible
Of which CO2 cost 303,934 1,153,243 2,071,869 Infeasible Infeasible
Net welfare 1,112,396,644 1,124,233,195 1,143,099,771 Infeasible Infeasible
AVC 0.43 0.52 1.41 Infeasible Infeasible
AVC wind 0.50 1.20 Infeasible Infeasible

Market Coupling, no priority dispatch, EU-ETS, investments (Case 2 + Case 6)
Surplus 993,427,684 1,001,250,706 1,003,329,303 1,073,036,817 1,092,289,039
Pro!t 150,922,823 139,490,554 129,969,466 57,113,978 35,659,040
Wind 0 11,937,590 32,912,808 49,112,752 66,702,365
CO2 cost 32,275,159 27,711,180 20,383,756 8,646,758 2,088,957
Network 1,745,939 919,211 1,173,252 5,215,801 6,158,866
Welfare 1,113,821,287 1,125,886,881 1,147,001,073 1,175,832,590 1,198,720,353
TRC 1,424,642 1,653,687 3,901,301 7,535,502 12,386,683
Of which CO2 cost 303,934 1,153,243 2,071,869 5,621,096 5,563,998
Net welfare 1,112,396,644 1,124,233,195 1,143,099,771 1,168,297,088 1,186,333,670
AVC 0.43 0.52 1.43 3.20 6.67
AVC wind 0.50 1.22 2.27 3.76

Table 11
Investments in Market Coupling no priority dispatch, 50% cut of lignite and coal existing
capacity.

MW NoWind Wind Wind I1 Wind I2 Wind I3

Market Coupling, priority dispatch, no priority dispatch, no EU-ETS, investments
(Case 1 + Case 3 + Case 5)

Lignite 2,621 0 0 0 0

Market Coupling, priority dispatch, no priority dispatch, EU-ETS, investments
(Case 2 + Case 4 + Case 6)

Nuclear 7710 5960 1453 0 0
CCGT 727 0 0 0 0
Total 8,437 5,960 1,453 0 0

Table 12
Market Coupling losses in the cases with investments in the CWEmarket and a 50% cut of
lignite and coal existing capacity (daily values in MW).

MW day No Wind Wind Wind I1 Wind I2 Wind I3

Market Coupling, no priority dispatch, no EU-ETS, investments (Case 1 + Case 5)
Wind losses 0 0 0 368 10,481

Market Coupling, no priority dispatch, EU-ETS, investments (Case 2 + Case 6)
Wind losses 0 0 0 449 14,069
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With investments, results are in line with those already discussed in
Section 7.1 and are even exacerbated in the presence of “priority dis-
patch” because counter-trading infeasibility appears both in “Wind I2”
and in “Wind I3” (compare Tables 8 and 10). Again, the “no priority dis-
patch” policy overcomes this problem by restoring network feasibility
through wind spillage (see Table 12).

Table 11 reports investment levels for both the “priority dispatch”
and “no priority dispatch” policies, depending on whether one imple-
ments the EU-ETS or not. As already observed with Nodal Pricing, gen-
erators are again induced to invest only when wind penetration is
relatively low. Moreover, they invest in low carbon plants when the
EU-ETS applies. More speci!cally, German investments in lignite are re-
placed by nuclear (in France) and CCGT plants (see Table 11). This hap-
pens only in the “No Wind” case without EU-ETS, generators do not
invest in new capacity when there is wind penetration. In the presence
of CO2 regulation, investments in nuclear and CCGT are combined with
wind until nuclear penetration is limited by wind capacity. Investments
are instead identical with andwithout priority dispatch policy indepen-
dently of the EU-ETS application.

8. Other general analysis

This section reports some side issues where contextual cases effec-
tively play a role. We successively consider the problems of emission
and investments.

8.1. Emissions

A controversy has been raging in the EU as to whether the EU-ETS
provides enough incentives for investment in low carbon capacity. The
immediate answer from economic theory is that one should, in princi-
ple, apply a single instrument for a given policy and that it is likely to
be counter-productive to pursue both an EU-ETS to reduce carbon emis-
sionswhile at the same time implementing a renewable policy that also
reduces those emissions. In any case, the !ne tuning of the combination
of these policies would be dif!cult. The results reported here may pro-
vide some insight into this question. Comparing corresponding EU-ETS
and no EU-ETS cases (that is, cases that differ only in the implementa-
tion of the EU-ETS), the EU-ETS effectively reduces emissions when
the allowance price is high. Conversely, looking at the cases without
EU-ETS the exogenous wind penetration also reduces emissions. Thus
the need for the EU-ETS is diminished. This does not question the ef!-
ciency of the EU-ETS, as sometimes done today, but raises the question
of the relevance of combining a carbon trading system and a renewable
policy. Going back to basics, the EU-ETS is meant (in theory) to reduce
emissions at least cost. In comparison renewables reduce emissions
with no concern for costs.

The numerical results presented here give somequanti!cation to the
issue, as we discuss for the simpler case of Nodal Pricing. Table 13 gives
the detail of the estimates of the cost of CO2 reduction by implementing

just the EU-ETS. Speci!cally, one compares the difference of total wel-
fare between the “EU-ETS” and “no EU-ETS” without any wind priority
policy. The two cases give different emissions (here reported in physical
units). Total welfare with the EU-ETS (1,152,102,397 ") is computed by
adding the value of the emissions (37,047,635 ") to the welfare
obtained by the model (1,115,054,762 ") since the proceeds of the
auctions are recycled in the economy. The difference in welfare
with andwithout EU-ETS (10,230,650 ") is then divided by the reduction
of emissions (423,384 tons), giving a cost per ton of reduced CO2 equal to
24.16 "/ton. As expected the average cost is smaller than the marginal
cost set by the allowance price.

Table 14 gives results for the reduction obtained solely with a re-
newables policy. We compare the outcome of introducing “Wind I1”
to the “No Wind” policy in the absence of EU-ETS. In “Wind I1”,
subtracting the daily wind infrastructure costs (46,931,195 ") from
the gain of welfare (1,179,479,474 ") computed by the model, one ob-
tains the net welfare 1,132,548,279 ". Comparing this value with the
welfare in the corresponding “No Wind” policy, one calculates the
value of the emissions reduction (29,784,768 ") with just a wind policy.
Allocating this gain to the reduction of emissions, one obtains a value of
86.81 "/tonwhich is effectivelymuch higher than the 24.16 "/ton of the
sole EU-ETS. These !gures are consistent with theory: the EU-ETS is
more cost-effective than the wind policy. The subsidized penetration
of wind energy hides the effectiveness of the EU-ETS, leading some to
misleadingly conclude from the low CO2 market price that the EU-ETS
is a failure: the price is low because the wind policy (and the economic
recession) contributes to making it low.

8.2. Investments

The problem of investments in generation capacity in a market sys-
tem has been the object of considerable attention for several years. The
discussion mainly centered on the issue of missing money. The current
commonwisdom is that wind penetration implies a decreasing share of
the market served by conventional generators and a downward pres-
sure of energy prices. The latter effect should in principle decrease the
free cash "ow accruing to power plants and, hence, the incentive to in-
vest. In other words, wind penetration should exacerbate the missing
money phenomenon. This problem is partially mitigated in this paper
by our adoption of a demand curve (andhence of a representation of de-
mand response). Demand response is commonly advocated as the best
remedy to missing money and this is what happens in our model: any
disincentive to invest induces a reduction of capacity, which in turn re-
sults in an increase in the price of electricity that partially compensates
for the decrease due to wind penetration. A moderate amount of wind
penetration will thus not endanger revenue adequacy if its reliability
costs are properly charged and transferred to conventional generators
or demand side instruments that provide the required reliability. The
present model however gives no account of the question of reliability

Table 13
Evaluation of the EU-ETS impact by comparingNodal Pricingmodels in the cases of no EU-
ETS and with EU-ETS under the assumption of “No Wind”, no investments, priority dis-
patch.

Daily values No EU-ETS EU-ETS

“No Wind” “No Wind”

Emissions (tons) 1,349,575 926,191
Emission value (") 37,047,635
Welfare (") 1,162,333,047 1,115,054,762
Welfare + emissions (") 1,152,102,397
Welfare loss due to ETS (") 47,278,285
CO2 drop due to ETS (tons) 423,384
Welfare variations (") 10,230,650
EU-ETS impact ("/ton) 24.16

Table 14
Evaluation of the wind penetration impact by comparing Nodal Pricing models in the “No
wind” and the “Wind I1” under the assumption of no investments, priority dispatch, no
EU-ETS.

Daily values No EU-ETS No EU-ETS

“No Wind” “Wind I1”

Emissions (tons) 1,349,575 1,006,454
Welfare (") 1,162,333,047 1,179,479,474
Wind infrastructure costs (") 46,931,195
Welfare-wind (") 1,132,548,279
Welfare variation due to wind (") 29,784,768
CO2 variation due to wind (tons) 343,121
Wind impact ("/ton) 86.81
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and reserves that result from the penetration of wind energy. Invest-
ment !gures need thus be looked at with considerable prudence.

9. Conclusions

The paper compares the impacts of a “Nodal Pricing” system and
“Market Coupling” under different wind policies on different economic
agents in the power system. We provide a context for our analysis by
considering cases with given capacities and endogenous investments
as well as with and without EU-ETS. These cases are meant to test the
robustness of the analysis. The lessons accruing from the work can be
summarized as follows. Consider !rst the “priority dispatch” policy.
We observe that Nodal Pricing and Market Coupling evolve in a similar
way as long as wind penetration is not too great (up to case “Wind I1”).
In contrast,Market Coupling collapseswhile Nodal Pricing still functions
very well, when wind penetration increases. Allowing for wind spilling
(“no priority dispatch” policy) removes most of the problems with
Market Coupling, which still exhibits a slightly smaller ef!ciency
than Nodal Pricing. Numerical results reveal sharply contrasting pat-
terns in the application of the “priority dispatch” and “no priority
dispatch” policies on the Nodal Pricing and the Market Coupling ar-
chitectures. At the same time, the results do not signi!cantly depend
on contextual assumptions (!xed capacities vs investment; EU-ETS
vs no EU-ETS). This suggests that our policy conclusion on the prefer-
ence for a “no priority dispatch” policy in aMarket Coupling architec-
ture is probably robust. These effects result from a combination of
the imperfect representation of the grid in Market Coupling and
the imperfect forecast of wind between day ahead and real time. Ap-
pendix G provides some insight into the relative importance of the-
ses phenomena. The most striking result is that the overall results
in terms of aggregate welfare are quite similar for Nodal and Market
Coupling but that the collapse of Market Coupling in case of high
wind disappears when wind can be perfectly forecast. This justi!es
current discussions for bringing the closing of the intraday market
as close as possible to real time. This result is similar to one obtained
in our previous works (Oggioni and Smeers, 2012, 2013) under the
assumption of what we called “perfectly coordinated counter-
trading”, that is, counter-trading operated by a single TSO covering
the whole area (in contrast with the so-called cooperation of TSOs,
referred to as “un-coordinated TSOs” or “imperfectly coordinated”
in our papers, that could lead to dramatic losses of ef!ciency). The
second remark is that while the overall welfare is unchanged, the
distribution of that welfare among agents can be quite different be-
tween the Nodal and the Market Coupling systems because of the al-
location of counter-trading costs that are far from small.

Recall that the results are obtained under ideal conditions and that a
real European implementation should increase the differences between
Nodal Pricing andMarket Coupling implementations and the “no prior-
ity dispatch” and “priority dispatch” policies. As recalled just above, we
assume perfectly coordinated counter-trading in Market Coupling as
well as perfect harmonization between the “priority dispatch” and the
“no priority dispatch” policies in Europe. Lack of coordination among
zonal PXs and TSOs respectively in the day-ahead market and in
counter-trading would normally exacerbate the problems of Market
Coupling. Stakeholders seem to be more and more aware of that state
of affairs but the remedies that are so obvious in principle appear a
daunting task in practice. More generally, our simplifying assumptions
overestimate the "exibilities of both the nodal andmarket coupling sys-
tems. Conventional plants are much less "exible than assumed here,
which should exacerbate the system dif!culties discussed here. Here
too one would expect that the nodal system, because of its more inte-
grated structure, will be more effective in dealing with in"exibilities.
An extension of this study to account for real equipment characteristics
is doable but far from trivial because of the idiosyncrasies of Market
Coupling.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.eneco.2013.12.009.
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