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Abstract

There is currently an intense debate in Europe on the allocation of transmission capacity
in the internal electricity market. In this context, the concept of market-based re-dispatch has
regained considerable attention, as a candidate design to reconcile the zonal organization of the
market with a pricing system that supports efficient real-time dispatch. In this paper, we study
the problem of capacity expansion under zonal pricing with market-based re-dispatch. We
propose a formulation of the problem as a mixed linear complementarity problem and analyze
the existence and efficiency of solutions, both from a theoretical and empirical perspective. We
find that zonal pricing with market-based re-dispatch leads to large efficiency losses. Moreover,
although there exist theoretical conditions under which the efficiency of the design could be
improved by means of regulatory interventions, the strictness of these conditions renders their
practical implementation difficult and, therefore, the full recovery of the efficiency unlikely.
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1 Introduction

1.1 Motivation

The debate between nodal and zonal pricing is an old story in the evolution of the US power
system. In their three-phase review of the history of the process, Hobbs and Oren (2019) note,
almost in passing, that the subject had been settled in the first phase, namely after the California
experience: the zonal system had fundamental flaws that the nodal system avoided. The Texas
experience came a bit later but confirmed the observation (Triolo and Wolak|2021). The situation is
quite different in Europe: a recent report (ACER/[2022) issued in response to criticisms against the
high prices observed in the power market in the end of 2021 (that is, well before the perturbations
on the gas market induced by the events in Ukraine) argues that the current European (zonal)
system is functioning properly, but that one might consider some improvements, among which a
reduction of the size of the zones. In particular, the nodal system is mentioned as an example of
this reduction (page 27 of ACER/ (2022)). This difference between the US and EU points of view
after so many years of theory and experience on a subject that looks purely technical is strange
and must have some fundamental explanation. It cannot be a misunderstanding of the nodal
system, which had been described in the French literature as early as [Boiteux and Stasi (1952).
But institutions suggest a possible reason for divergent points of view. The restructuring of the
power system in Europe was part of the integration of sectoral markets that created the internal
market in 1992, with delays expected in “difficult sectors”, electricity being one of them. It suffices
to note, here, that a nodal model in an integrated European market would have merged national
systems and interconnections into a new supranational model where all components of national
networks would be placed on the same footing. Conversely, the coupling of the zonal national
systems maintained their individuality and developed a framework facilitating exchanges between
them through interconnections. In other words, the nodal system in the internal EU market would

have had a supranational flavor that the zonal system was thought to be able to bypass.

As a consequence of the institutional barriers, the EU internal electricity market developed in

general at a slower pace than their US counterparts. This can be observed for instance in how the



EU market has been organized originally around the day-ahead market, which has, until recently,
been viewed as the spot market. Re-dispatching and balancing are instead seen as services used
to maintain as much as possible the day-ahead positions. Continuous efforts have been made to
gradually improve on this basic design with, for instance, the development of platforms to co-
ordinate the activation of balancing capacity (MARI and PICASSO) or the efforts to integrate
more precise scarcity pricing. There is, however, an intrinsic limit to these improvements, which
is that the exact conditions under which electricity trading takes place are known only in real
time. Therefore, as argued in Harvey and Hogan| (2022), “Any pricing system that sets prices that
are inconsistent with the real-time dispatch necessarily requires discriminatory pricing, limits on
access, constrained-on and —off payments, or reliance on command and control to maintain relia-
bility”. With the increasing integration of renewable resources and distributed energy resources,
which bring more variation and uncertainty in the grid, the reliance on these ad-hoc measures
becomes increasingly complicated. In this context, market-based re-dispatch represents a seem-
ingly appealing modification to the European design, introducing a pricing system that is closer
to the real-time dispatch without completely questioning the zonal organization. Market-based re-
dispatch draws indeed more and more interest among EU market design discussions, as witnessed
by the fact that it is now the default option in the regulation (European Parliament, Council of

the European Union 2019)).

At the same time, there has recently been an increasing interest in local flexibility markets,
for which a certain number of pilots are emerging all over the continent (Frontier Economics and
Entso-e 2021). It is interesting to note that the primary use of these local flexibility markets is
congestion management, as revealed in a poll of Nordic DSOs (Hackett et al.|22021). Therefore,
most of these initiatives work on the principle of locational pricing, which implies that opportunities

exist for inc-dec gaming.

In times of energy transition, it is therefore crucial to understand the relationship between
power generation investment and a short-term market design based on zonal pricing followed by
market-based re-dispatch. Our interest in this paper is to analyze this question from a computa-

tional perspective, by proposing a model of a long-term competitive equilibrium under this design.



Along with the development of the model, we propose a solution methodology that enables the
computation of an equilibrium on large-scale instances, and apply it on a realistic instance tailored

to the Central Western European network.

1.2 Related literature

There is an existing stream of literature centered on the quantitative analysis of zonal pricing
with market-based re-dispatch. In the early days of the discussions on market-based congestion
management in Europe, De Vries and Hakvoort| (2002)) analyzed five different designs among which
uniform pricing followed by market-based re-dispatch, which was then referred to as countertrad-
ing. The authors proposed a stylized two-node one-zone example and concluded that, in theory,
countertrading is efficient in the short term. The model does not account for inc-dec gaming,
which is an important aspect in market-based re-dispatch. Potential inefficiencies stemming from
deviations from this idealized setting analyzed in the paper are discussed qualitatively in the work

of De Vries and Hakvoort| (2002).

One situation that could be associated to inefficiencies in market-based re-dispatch in the short
term takes place when the TSO does not act as a price-taker in the re-dispatch market. This
situation is analyzed by |Grimm et al| (2018) under the assumption of absence of inc-dec gaming.

The authors show, on an illustrative example, that, in this case, the outcome could be inefficient.

An important drawback of re-dispatch markets is that they offer the possibility to market
participants to engage in arbitrage between the zonal and re-dispatch price, the so-called inc-dec
game. This leads to a distortion of long-run investment incentives as well as the extraction of
short-term rents by those exercising the gaming strategy for essentially offering nothing to the
system. This situation is analyzed quantitatively in Holmberg and Lazarczyk (2015)). The authors
show that inc-dec gaming is an arbitrage strategy that also occurs under perfect competition.
They conclude that, under certain restrictive assumptions, zonal pricing followed by market-based
re-dispatch is efficient in the short term, and the outcomes only differ by a redistribution of the

welfare.



More recently, Hirth and Schlecht| (2020) proposed a simple model on a two-node one-zone
example in order to analyze inc-dec gaming. The authors emphasize that the design leads to
undue arbitrage opportunities for market participants, even when they cannot exercise market
power. The authors further discuss the conditions under which this arbitrage is exacerbated or

can be mitigated.

Our work also relates to an emerging stream of literature on the study of the impact of loca-
tional instruments in zonal markets from a quantitative perspective. The first paper that tackles
this problem quantitatively is Grimm et al. (2019)). The authors propose a tri-level model of the
long-run equilibrium of zonal pricing with cost-based re-dispatch. The tri-level structure aims at
representing the sequential nature of the problem: grid investment by the TSO, capacity investment
by private firms and re-dispatching in the short term by the TSO. A simplified spatially differ-
entiated capacity signal based on average nodal prices is then added to the model. The authors
find that, although it influences the location of investment, the introduction of a well-calibrated
capacity signal only slightly improves welfare, as the signal fails to also impact the operational
efficiency of the system. Schmidt and Zinke| (2020) study the impact of uniform pricing in Ger-
many on the siting of wind generation. They find that nodal pricing, by incentivizing the siting of
investment closer to load centers and thereby reducing wind curtailment, has a positive effect on
welfare. The paper also investigates the restoration of a locational component to the uniform price
through capacity-based latitude-dependent connection charges. However, the authors find that
these simplified locational instruments are not adequate for mitigating the inefficiencies associated
to uniform pricing. Finally, Eicke (2021) proposes a model for quantifying the optimal capacity-
based locational signal for restoring the efficiency of investment in zonal pricing with cost-based
re-dispatch. Unlike the two papers previously cited, this paper is the first to consider a technology-
differentiated signal. The author shows that differentiating by technology is a necessary condition
for restoring the efficiency of nodal pricing. They find that, although locational capacity signals
have a significant cost-saving potential, they do not lead to a full recovery of the efficiency of nodal

pricing.



1.3 Contributions

This paper contributes to the existing literature in the following ways:

e Our main contribution is to propose a model that internalizes the investment decisions of
private firms in generating capacity in a zonal market design with market-based re-dispatch.
We show how the loss of efficiency of this design originates from its mathematical formulation

and formally establish the existence of a resulting equilibrium.

e Based on this modeling framework, we discuss the theoretical conditions under which the
long-run efficiency of nodal pricing can be recovered in a zonal pricing market with market-

based re-dispatch.

e We show how to integrate market monitoring considerations in the analysis of the long-
term equilibrium by imposing limitations on the deviation from truthful bidding for market

participants.

e Finally, we provide simulations of the long-term equilibrium in zonal pricing followed by
market-based re-dispatch on a large-scale instance of the Central Western European (CWE)

network area and compare its efficiency to nodal and zonal pricing benchmark designs.

1.4 Organization of the paper

The paper is organized as follows: we start, in section [2| by presenting our model of zonal pricing
with market-based re-dispatch in the short term. Then, section |3| extends the model to the case of
the long-term equilibrium and discusses how the integration of long-term considerations leads to
a loss of efficiency of the design. In section 4] we analyze how efficiency can be restored by means
of additional market instruments. Section [5| extends our model to incorporate an endogenous
representation of market monitoring that limits zonal-nodal arbitrage. Finally, in section [0, we

present the results of our case-study before discussing some concluding remarks in section



2 Short-term equilibrium

2.1 Model

We start by presenting a simple model of zonal pricing followed by market-based re-dispatch (ab-
breviated MBR hereafter) in the short term, i.e. when investment decisions in generation capacity
are ignored. The re-dispatch problem that we consider in this paper is an economic dispatch
with nodal transmission constraints and pay-as-cleared settlements. We model the economic equi-
librium on the electricity market as a Nash equilibrium between three types of agents: a single
TSO, the producers, and a Walrasian auctioneer that enforces market clearing conditions (i.e. a
power exchange). In order to focus on the impacts of MBR on the short and long-term equilib-
ria, we adopt a set of simplifying assumptions that allow us to isolate the effects related to this
congestion management policy. In particular, we assume that the market is perfectly competitive
and we model the agents as price takers. This implies that we ignore market power. Although
real markets deviate from the situation of perfect competition, our view is that it remains essen-
tial to understand the performance of market designs under perfect competition, as it is unlikely
that identified inefficiencies will disappear in imperfectly competitive markets. The assumption of

perfect competition allows us to keep the models transparent and tractable.

Note that absence of market power also forces us to question the terminology of “inc-dec gam-
ing”. Indeed, the market design that we analyze in this paper modifies the opportunity cost of
participants in the zonal market with the introduction of the subsequent re-dispatch market. This
means that their cost is now an opportunity cost which differs from their marginal production
cost. In our setting, participants would thus still bid at cost, whereas inc-dec gaming suggest some
kind of strategic behavior due to market power. Therefore, in order to avoid any confusion, we
refrain from using the terminology “inc-dec gaming” and, instead, refer to zonal-nodal arbitrage

throughout the paper to describe the behavior of market participants.

In addition, we assume that the profit-maximizing problems of all agents are linear and that
there are no intertemporal operating constraints: in the short run, all periods are independent.

We consider that producers can invest in generation capacity in a continuous way, and we ignore



transmission capacity expansion, for which the continuity assumption would be unrealistic.

Electricity demand is assumed to be known and inelastic. We make this assumption in order to
keep the equations and the theoretical analysis as simple as possible, but we note that our model,
as well as the theoretical results, naturally extend to the case of active demand-side participation.
The logic is that consumers can also engage in price arbitrage between the two sequential markets,
in a symmetrical way as the behavior of the producers. This is formally shown in Appendix [B]
where we discuss extensions of our model to different types of market participants, including active

consumers. We also show that the results of the paper naturally extend to these different cases.

Finally, our model is deterministic and we assume perfect foresight. This implies in particular
that market participants are able to perfectly anticipate the subsequent re-dispatch price when
bidding in the zonal market. We note that this is a strong assumption that is not likely to be
verified in practice. As noted in Hirth and Schlecht| (2020), exercising price arbitrage would expose
market participants to risk, which would probably limit the degree to which participants would be
willing to exercise this arbitrage if risk aversion is taken into account. In the present paper, we
abstract from uncertainty considerations to keep the model transparent, computationally tractable
and absent of additional considerations regarding risk aversion and the forecasting abilities of
agents. The endogenous modeling of uncertainty in the context of market-based re-dispatch is
relegated to future research. Note that the perfect foresight assumption also allows us to omit N-1

security constraints in the representation of transmission capacity.

We now proceed to the sequential description of the profit-maximizing problems of each agent

under our set of assumptions.

Producers. The producers with technology ¢ € I at node n € N of the transmission network
maximize their profit from the sale of electricity given the prices at their node. The pair (i,n)
is assumed to uniquely identify a generator in our model. Generators incur a linear cost with
marginal cost M}, and face capacity limits X, on their production. In zonal pricing followed
by MBR, they have the opportunity to participate in two different markets at every time period

t € T the zonal market with zonal price pz(,), and the re-dispatch market with nodal price p,;. We



denote by y;,; the quantity cleared in the zonal market and by ¥;,; the re-dispatch quantity cleared
in the re-dispatch market at period ¢, which is positive (negative) in case of upward (downward)
re-dispatch. Their problem at each time period ¢ can be written as follows:

max  pzmyeYint + PrtYint — MCi(Yint + Yint)

yintvgint
Xin = Yint — Yint = 0 (1)
Yint + gint Z 0

Yint Z 0

The constraints of problem ensures that the quantities cleared in both the zonal and re-
dispatch markets are physically feasibleﬂ. Note that here, again, we use a basic producer model
to keep the equations and the theoretical analysis as simple as possible. However, it should be
noted that the results that we present in this paper are robust to the specific representation of
market participants. In particular, under the assumptions of absence of market power and perfect
information, the results naturally extend to renewable resources and storage units. The reader
is referred to Appendix [B] for a formal discussion of the extension of our model to the case of

renewable and storage resources.

We split the description of the TSO problems in the zonal and re-dispatch markets in the
interest of clarity. As the two problems are completely independent, this can be done without loss

of generality.

TSO in the zonal market. The TSO maximizes its profit from the transmission of electricity
given the zonal prices by controlling the net position of each zone (p,;) while making sure that the

net positions belong to a certain predefined set of feasible net positions. This set, that we denote

!Note that this prevents financial arbitrage, following the assumption of Hirth and Schlecht| (2020). Using the
terminology of Hirth and Schlecht| (2020), our model is thus based on asset-backed arbitrage which implies that
participants can only bid quantities that they would be able to physically produce in both the zonal and the
re-dispatch markets.



by P, thus encodes the zonal transmission constraintsﬂ

MAX = ¥ pape
) : (2)

s.t. py € P

where p.; denotes the vector of net positions at a given time period. There exist different ways for
defining set P, but we keep it general in our discussion and only assume that it includes the power

balance constraint () __p.; = 0) and that it depends solely on grid quantities.

TSO in re-dispatch market. In the re-dispatch market, the TSO has to buy re-dispatch
resources (7, negative or positive) in order to recover a nodal dispatch (r,;) that is feasible
for the full set of constraints of the transmission grid, that we denote by R:

max — g T'ntPnt

Tnt,Tnt
n

s.t. Tnt — Z Yint + Dnt - fnt = O (3)
Ty € R

Note the fundamental difference between the formulations of the zonal market and nodal re-
dispatch market: whereas the zonal market only imposes constraints on the zonal net positions
p.t, in the re-dispatch market the TSO needs to ensure that the net injections of every node r
respect the nodal transmission constraints. Assuming that these constraints can be represented by
the DC approximation, the feasible set of nodal net injections R can be formulated without any
ambiguity as follows:

R :{r e RV ‘Hf € RIXI

fv=> PTDFy 1y k€K

n

> =0,-TC < [y <TCy k€ K }

neN

2The separation between the TSO and the market operator follows the organization of the European market.
In practice, the optimality conditions of are directly added to the market clearing algorithm. In the case of the
European electricity market, therefore, KKT conditions of correspond to the network equilibrium conditions
that are part of Euphemia, the algorithm that clears the zonal day-ahead market.



where f; is the power flow on line k£ € K, r, is the net injection at node n € N, PT' DFy, is the

power transfer distribution factor of line £ and node n, and T'C} is the thermal limit of line k.

Auctioneer in the zonal market. In the zonal market, the auctioneer determines zonal prices
while ensuring that the market clears in every zone of the network. This function can be represented

as a profit-maximizing problem for zone z as follows:

max p,(p. — Z Yint + Dit) (5)

Pzt
i,nEN(z)

Auctioneer in the re-dispatch market. Similarly, the auctioneer of the re-dispatch market
ensures the TSO’s demand for re-dispatch resources matches its supply from market participants.
max pnt Tnt - Z yznt (6)

pnt
7

It is important to note that the right solution concept for this game is that of a generalized Nash
equilibrium (GNE). Indeed, the feasible set of the TSO in the re-dispatch market, as described
in Problem (3)), is based on the nodal net injections in the physical dispatch that depend on the
production in the zonal market. This implies that it is not equivalent to a single optimization
problem. Nevertheless, the equilibrium can still be formulated as a single problem in the form of

a mixed linear complementarity problem (MLCP).

Equivalent MLCP. The equivalent MLCP can be obtained by aggregating the KK'T optimality
conditions (which are necessary and sufficient for linear programs) of the profit-maximizing problem

of every agent. Using Greek letters for denoting dual variables for each constraint, we obtain the

10



following MLCP:

0< Yint 1 MC@ + Hint + Iaint — PZn)t — 5int >0 (7&)
gint free il MCl + ,aint - ﬁnt - (5int =0 (7b>
0 S Hint il in — Yint Z 0 (7C)
O S ,&int J— Xint — Yint — gint 2 O (7d)
Dzt free L Pzt + Z sz’}/mt =0 (7f)
Tnt free L ppy — vy =0 (7h)
Tpt free L vy, + Z Vit = 0 (71)
Unt free L —Tpt + Zylnt — Dyt + 7 =0 (7J)
nt
Pzt free L —Pzt + Z Yint — th =0 (71>
i,n€N(z)
ﬁnt free L _%nt + Z gint =0 (7m)

mn

where we define V € RIMIXIZI 117 € RIMI and M, a set of indices, such that

p:tGP@Wm—ZszpthO,’InEM

and V € R|M|X‘N|, W e RIMl and M, a set of indices, such that
re € R Wi =Y Vonrm > 0,m € M

which are well-defined as both P and R are polytopes.

11



This MLCP formalizes the short-term equilibrium in markets with zonal pricing and MBR,
such as the one that is described on a simple one-zone two-node network in |[Hirth and Schlecht
(2020). It can thus be used to characterize and represent quantitatively the so-called inc-dec game

in perfect competition, which is in reality an arbitrage between the zonal and re-dispatch market.

In the short term, although the equilibrium cannot be formulated as a single LP, a further
simplification of the MLCP can be obtained by observing that the part of the problem that relates
to the re-dispatch market is independent of the part that relates to the zonal market. More
precisely, let us consider the MLCP obtained by isolating the equations related to the re-dispatch
problem only, i.e. the MLCP made of equations , , , , , , and .
If we denote by ¥, = yin + Uin the physical dispatch of technology ¢ in node n, one can simplify
this MLCP by eliminating variables d;,, v, 7,. These variables were indeed useful to describe the

profit maximization problem of each agent, but become superfluous to analyze the equilibrium.

We get:
0 < it L MCs + fijns — pne =0 (8a)
T'nt free L ﬁnt + Z an’?mt =0 (8C)
ﬁnt free L Tnt — Zg’mt + Dnt =0 <8d)
O S :Ymt J— Wm - Z anrnt 2 O (86)

Problem fully characterizes the solution to problem for the variables associated to the re-

dispatch market, i.e. the variables denoted with the tilde. Observe that MLCP is exactly the

12



set of KKT conditions of the nodal economic dispatch problem:

Yint Zoyrnt

St Xip — Gt > 0,5€ I,n €N

Tnt_zgint+Dnt:0,n€N

in

’f’:teR

This means that the physical dispatch, obtained after the re-dispatch market, corresponds to the

optimal solution of the nodal economic dispatch.

Now, let us look in further detail at the MLCP obtained by isolating the equations related to

the zonal market, i.e. the MLCP made of equations , , , and . Equation ([7h))
implies that

MCZ + ,aint - 5int = pNnt

Accounting for this simplification, we get that MLCP , , , , is exactly the

set of KKT conditions of the following optimization problem:

min E PntYin
mn

Yint=>0,Dzt

st. Xin — Yt > 0,0€,neN
(10)
Pzt — Z ymt‘l'th:O,ZGZ
1,nEN(2z)

p:tep

That is, the zonal part of the problem corresponds to a zonal economic dispatch problem where

the marginal cost of technology 7 has been replaced by the opportunity cost p,; at that locationﬂ

The decomposition between the zonal and re-dispatch parts of the problem that we have just

3This observation is important, as it reveals the bidding behavior that a rational fringe agent would have in this
setting. Indeed, the interest of an agent in this market is to bid p,;, for the same reason why rational fringe agents
bid at their marginal cost in the usual economic dispatch problem, where the coefficients in the objective function
are the agents’ marginal costs M C; instead of p,;.

13



highlighted has two important implications in the short term regarding (i) the solution methodology
for solving the equilibrium, that we discuss in section [2.2 and (ii) the efficiency of the equilibrium,

that we discuss in section [2.3]

2.2  Solution methodology

The decomposition between the zonal and re-dispatch parts reveals a simple two-step solution
methodology for obtaining an equilibrium of zonal pricing followed by MBR in the short term,

that we present in Algorithm [I Note that this is implicitly the methodology that is used by Hirth

Algorithm 1 Short-Term Equilibrium Solution

1. Solve the nodal economic dispatch problem, i.e. model @, in order to obtain the opti-
mal values of the variables associated to the re-dispatch market as the primal-dual optimal
solutions. Denote by pr, the optimal value of the re-dispatch price.

2. Solve the zonal economic dispatch with opportunity cost, i.e. model with p,,; fixed to
Py, This gives the optimal values of the remaining variables, i.e. the variables associated to
the zonal part of the problem.

and Schlecht| (2020) to identify an equilibrium in their illustrative example: they assume that the
opportunity cost of bidding in the zonal market corresponds to the nodal prices and then check

that the assumed prices on the re-dispatch market turn out to be correct.

2.3 Efficiency

A second implication of the decomposition of the problem between the zonal and re-dispatch parts
is the efficiency of the design in the short term. A design is efficient if it leads to the same total cost
as the centralized optimization problem, which, in our case, corresponds to the nodal economic

dispatch problem introduced in equation @D The efficiency result is formalized in Proposition

Proposition 1. Zonal pricing followed by MBR, as formulated in MLCP (7)), is efficient in the

short run.
The proofs of all propositions of this paper are provided in Appendix [A]

Our model assumes implicitly that there is no irrevocable decision with respect to the outcome

14



Period  Duration (h) Dy (MW) Dy, (MW)

1 1500 10,000 1,170
2 5500 4,502 4,502
3 1760 1,000 6,086

Table 1: Level of demand in each node in the illustrative example.

of the zonal pricing auction. This is a crucial assumption for Proposition (1| to hold. In particular,
we assume that there is no unit commitment decision made based on the zonal auction and that
the zonal net positions cleared in the zonal auction are not firm and can be freely modified during
the re-dispatch phase, which implies that the TSOs coordinate perfectly, which includes resorting

to cross-border re—dispatchE].

Proposition (1| should be seen as closely related to Proposition 4 of Holmberg and Lazarczyk
(2015)) which also states that zonal pricing with MBR is efficient in the short run under a slightly
different framework and assumptions. In particular, Holmberg and Lazarczyk (2015)) assume that
the TSO sets the inter-zonal flows to their level in the efficient dispatch. This assumption is related
to our assumption of perfect TSO coordination in the re-dispatch stage: both assumptions imply

that the efficient dispatch can be recovered during the re-dispatch stage.

2.4 Results on an illustrative example

In order to illustrate our model, we present in this section its results on a small example. We
use the simplest possible network configuration that can be used to illustrate a zonal design: two
nodes linked by a fictitious line of OMW of capacity, grouped into a single zone. We assume
that the one-year time horizon is divided into three periods of different duration in which the
demand is constant in both nodes. The duration of the period as well as the level of the demand
in each period and in each node is displayed in Table Finally, we assume that there are four

technologies available for serving the demand, with constant marginal and investment costs, as

4Note that although this condition is not fully respected in the current European practice, there is an ongoing
effort towards improving cross-border coordination. Indeed, the European Commission guidelines now state that
TSOs should develop a common methodology for coordinated re-dispatch and countertrading (European Commis-
sion| (2015), Art. 35, §1).

15



Technology MC IC XN

1

(€/MWL)  (€/MWhL) (MW) (MW)

X

2

Coal 25 16 3,502 4,916
Gas 80 bt 5,498 0
Nuclear 6.5 32 1,000 1,170
Oil 160 2 0 0

Table 2: The set of options for serving demand and the optimal invested capacity.

shown in Table 2] In the short-term equilibrium, the capacities need to be fixed. We assume that
they are fixed at the level that is indicated in Table m As the transmission line in our example
is purely fictitious, the two nodes can be seen as completely independent and the nodal solution
can be easily obtained using, for instance, the screening curve method (Stoft|2002) on both nodes.
The optimal investment is also shown in Table 2] Using these levels of capacity, one can apply

Algorithm [I] to solve for the short-term equilibrium in zonal pricing with MBR.

From a qualitative point of view, there are two types of zonal-nodal arbitrage behaviors that

can be exercised by producers, depending on whether they expect to be re-dispatched up or down.

The units that will be re-dispatched up in the nodal market (also called constrained-on units)
anticipate a higher re-dispatch price than the zonal price. For these resources, it is preferable not
to be cleared in the zonal market at all, and sell all their production in the re-dispatch market.
As there exists a subsequent market on which they can trade, their opportunity cost is the re-
dispatch price that they anticipate, and they have no incentive to bid at a different price than the

re-dispatch price in the zonal market.

In a symmetric way, the units that will be re-dispatched down (the constrained-off units) antic-
ipate a lower price in the re-dispatch market. For them, it is preferable to sell all their production
in the zonal market at a high price and buy it back in the re-dispatch market at a lower price.
Again, knowing that a subsequent market with a different price is coming, their opportunity cost

becomes the re-dispatch price, and bidding at the anticipated re-dispatch price becomes their

5The values correspond to the optimal capacity in the nodal capacity expansion problem, which is defined
formally later in section equation .
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Variable Ny Ny Variable Ny Ny

YCoal 3,502 4,916 UCoal 0 -4,916
YGas 582 0 YGas 4,916 0
YNuclear 1,000 1,170 YNuclear 0 0
Yoil 0 0 Joil 0 0
Py 109.2 B 1092 104

Table 3: Optimal production levels and prices at the short-term equilibrium in period 1.

optimal strategy.

Our illustrative example is a prime example of these two types of arbitrage behaviors. Let us
first focus on the results for period 1. The optimal levels of production and prices for this period
are shown in Table [3] Here, the Coal unit in N, anticipates that the re-dispatch price will be
lower than the zonal price, and that it will be re-dispatched down. Indeed, in period 1, most of the
demand is located in N; and the local demand in N, can be entirely covered by the cheaper Nuclear
unit, which implies that the Coal unit does not belong to the optimal mix. It can take advantage
of this situation by bidding below its marginal cost in the zonal market in order to be cleared and
earn the zonal price and then be re-dispatched down in the re-dispatch market at a lower price
(remember that the bidding strategy of the agents is implicit in our model, see Footnote . In our
example, the RD price is 10.4€/MWh in N,, which is a solution of the nodal economic dispatch,
i.e. Step 1 in Algorithm [I} This corresponds to the opportunity cost of the Ny Coal unit being
cleared in the zonal market and will thus correspond to its bidding price in perfect competition,
which is below its marginal cost of 25€/MWh. In total, the Ny Coal unit earns 109.2€/MWh
for being cleared in the zonal market and pays 10.4€/MWh for being re-dispatched down in the
re-dispatch market, which is a net profit of 98.8€/MWh, even though it ends up not producing

anything.

Let us now have a look at the results in period 3, shown in Table |4, Here, the Coal and Nuclear
units in Node N, provide a good example of units exercising the second type of inc-dec strategy

that corresponds to constrained-on units. Indeed, they anticipate that the re-dispatch price is
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Variable Ny Ny Variable N, Ny

YCoal 1,570 0 YCoal -1,570 4,916
YGas 5498 0 UGas -5,498 0
YNuclear 0 0 UNuclear 1,000 1,170
Yoil 0 0 Joil 0 0
PZ(n) 12.56 Pn 12.56  104.64

Table 4: Optimal production levels and prices at the short-term equilibrium in period 3.

going to be higher than the zonal price. They thus bid at the re-dispatch price, which is higher
than their marginal cost, so as not to be cleared in the zonal market and sell all their production

in the re-dispatch market. Note that both types of inc-dec strategies tend to aggravate congestion.

After the re-dispatch market, nevertheless, the optimal production mix is recovered. The short-
term welfare is thus equal to that of the nodal design and the two policies differ only in terms of
the allocation of surplus between the different agents. The situation is different in the long term,

which is the focus of the next section of this paper.

3 Long-term equilibrium

3.1 Model

As discussed in past literature (Holmberg and Lazarczyk 2015| |Hirth and Schlecht|2020), although
efficient under certain conditions in the short term, zonal pricing with MBR distorts the investment
signal and, therefore, leads to inefficiencies in the long term. Our goal in this section is to capture
these ineffeciencies in our model by formulating the long-term equilibrium of zonal pricing with
MBR. In order to account for investment in generation capacity, we introduce variable z;,, which
corresponds to the capacity invested in technology ¢ and in node n. This capacity is associated
to a linear investment cost with coefficient 1C;, that depends on the technology and the location.

Before describing the modifications to the zonal and market-based re-dispatch model, one also
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needs to define the corresponding long-term centralized problem that characterizes the efficient
solution. In our case, it corresponds to the capacity expansion problem with nodal transmission

constraints, and can be written as follows:

Tin,Yint 2077'7115

min Z 1C 2 + MCiing

s.t. Xm—i—a:m—gjmt ZO,iEI,nE N,tET
(11)
Pat = Y Gt + Doy =0,n € Nt ET

in

T;tER,tET

This problem is the counterpart of equation @D in the long-term case.

We now turn to the long-term model of zonal pricing with MBR. In perfect competition, invest-
ment will be made in technology ¢ in node n if the investment cost is recovered exactly through the
sale of electricity and re-dispatch resources in the predefined set of time periods 7. This condition

can be formulated mathematically through the following complementarity condition:
teT teT

Moreover, the investment in capacity modifies the capacity limits in the zonal and re-dispatch

markets in the following way:

The MLCP consisting of equations , , , , , -, with all short-term

variables indexed by time period, models the long-term equilibrium of zonal pricing with MBR.

Crucially, the investment condition represented in equation (12)) now links together the two
parts of the problem related to the zonal market (through variables ;) and the re-dispatch

market (through variables fi;,;). This implies that the decomposition between the two parts that
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we discussed in section [2] is not possible anymore. As a consequence, the efficiency of the design,
that resulted from the decomposition in the short-term model, is not guaranteed in the long-term
model. Nevertheless, the existence of an equilibrium can still be guaranteed under mild conditions,

as we show in Proposition 2]

Proposition 2. If the marginal costs, the investment costs and the demand in all nodes are
positive, and if the set P is such that W,, > 0 Vm € M, the MLCP that represents the long-term

equilibrium has a solution.

Note that condition W,,, > 0 Vm € M in Proposition [2|is relatively weak. Indeed, by definition
of Wy, W, >0 Vm € M < 0 € P. That is, it is equivalent to assuming that the situation

without any exchange between the zones is feasible for the zonal network constraints.

Another important question is that of the uniqueness of solutions. However, the loss of equiva-
lence with a single optimization problem implies that less can be guaranteed. One can nevertheless
show that for almost all parameter data, the long-run equilibrium has a finite and odd number
of solutions. This claim can be proved using the formalism of homotopy theory, following [Bidard
(2012). The reader is referred to Appendix [C| for a more thorough discussion of the uniqueness of

solutions to the investment problem.

3.2 Results on the illustrative example

In this section, we illustrate the results of our long-term model on the same example as the one
used for the short-term model. Contrary to the short-term case, however, we do not assume any
existing capacity. We solve the MLCP using a simple splitting method, that is also used for
the case study presented in section [0 and refer the reader to section for more details on the
solution methodology. Figure (1| shows the optimal capacity mix in both nodal pricing and zonal
pricing with MBR. We observe that the optimal mixes are almost perfectly equivalent, with the
notable exception that zonal pricing with MBR leads to an additional investment of around 5GW
of Oil capacity in node N. This result confirms the intuition of Hirth and Schlecht| (2020), who

predict that MBR incentivizes investment in units with low investment costs and high variable
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Figure 1: Optimal capacity mix in the long-term equilibrium of the illustrative example for both
nodal pricing and zonal pricing with MBR.

costs, that they call “ghost plant”. The Oil capacity investment that we observe in the results of
our illustrative example is a prime example of such a ghost plant, Oil being indeed the technology
with the lowest investment cost in our setting. This unit never produces any energy and earns its
profit uniquely from the extraction of an arbitrage rent, such as the one obtained by the Ny Coal
unit that we describe in detail in section [2.4f The results of the illustrative example also confirm
that, in the long term, re-dispatch markets are associated to inefficiencies. The total investment
and operational costs are indeed increased by 10,168€ /h in zonal pricing with MBR compared
to that of nodal pricing, which corresponds precisely to the investment cost of the Oil capacity.
This additional cost corresponds to a loss of efficiency of 2.1%, although this number should not
be considered representative, as the example is purely illustrative. It is important to stress that
this situation is obtained under the assumption of perfect competition. The inefficiencies are thus
due to a market imperfection that leads to a zonal-nodal arbitrage similar to inc-dec gaming, even

though market participants have no market power.

In the next section, we discuss whether zonal pricing with MBR can be modified in order to

restore its efficiency.
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4 Restoring efficiency

In the previous section, we present a model that captures the inefficiencies of zonal pricing with
MBR and illustrates these inefficiencies on a simple example. We now investigate whether these

inefficiencies can be corrected by modifying the design.

One might first think that removing the asset-backed arbitrage constraint could improve effi-
ciency, as this would eliminate the incentive to invest in ghost plants. They are indeed the source
of inefficiencies, as discussed in section [3.2] This would, however, not solve the inc-dec problem.
Removing the asset-backed arbitrage constraint is equivalent to allowing pure virtual trade, i.e.,
allowing the participation of purely financial agents who exploit arbitrage opportunities. In this
case, there would not exist any equilibrium, as zonal and re-dispatch prices could never perfectly

converge. Virtual bidders would thus theoretically be able to extract infinite arbitrage rents.

Instead, we argue that, from a technical point of view, there are two ways to understand the
loss of efficiency, and each is associated to a possible modification of the design for restoring
efficiency. The first way to understand the loss of efficiency is to observe that the production
decision of the producers imposes an externality on the decision set of the T'SO, which leads to a
market failure. We can therefore resort to the classical theory of Pigouvian taxation in order to
understand how efficiency can be restored. Another viewpoint that can be adopted is one in which
the loss of efficiency is seen as resulting from the interdependence of the zonal and the re-dispatch
markets, as we discuss in section 3.1} A disconnection between the two can be imposed through an
additional market instrument. These two ways of recovering efficiency are discussed successively

in the remainder of this section.

4.1 Pigouvian taxation

A Pigouvian tax, named after Pigou (1932), is a well-known way to correct market failures due to
externalities. The idea is to force the agent that causes an externality to internalize it, by imposing

a tax exactly equal to the marginal cost of the externality at the optimal solution. In our problem,
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the externality comes from the following constraint in the TSO’s problem:
Tnt — Z Yint + Dnt - fnt =0 [Vnt]

Following the Pigouvian theory, efficiency can thus be restored by adding v,,;y;,; to the remunera-
tion of the producers, where v, is the dual variable of the constraint. According to equation ,

Unt = Pnt, thus the objective function of the producers becomes:

max Z(ﬁnt — MC})(Yine + Uint) + Z PZ(n)tYint (15)

teT tel

The first term corresponds exactly to the nodal profit for the nodal physical dispatch v, + Yint-
The second term is an additional zonal payment for the production in the zonal market. With
this modification, it can now be checked that the long-term equilibrium is equivalent to a single

optimization problem, that, after some simplifications, can be formulated as follows:

Yint,Tnt,Pzt int in
— Tt + Z Yint — Dnt = 07 —Put + Z Yint — th = 07 Vnzt (16C>
i t€l,neN(z)
ri €R, pi€P, vt (16d)

where ¥int = Yint + Yine. Problem is, indeed, equivalent to the nodal capacity expansion
problem under a mild regularity assumption on the feasible set of net positions P, that we call

nodal consistency and that we define below.

Definition 1. The feasible set of zonal net positions P is said to be nodal consistent if there
exists a solution to the nodal capacity expansion problem, with r* the vector of values of the nodal

net injections in that solution, such that

py €EP VteT
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with

pu= Y 1 VzeZteT

neN(z)
In words, P is nodal consistent if it contains, at each time period, a vector of zonal net positions

that aggregates a vector of nodal net injections that solves the nodal capacity expansion problem.

In that case, however, one can also observe that the zonal market loses its meaning: there
is always an equilibrium solution with a zonal price of 0€/MWh. Indeed, the second term of
Equation then vanishes, and the total profit of the producers is exactly the nodal profit for

the nodal physical dispatch.

4.2 Locational capacity market

As we mention in section [3.1], the loss of efficiency can also be viewed as resulting from the
interdependence between the zonal and re-dispatch markets. This is done through the investment

condition, that we recall here:
teT teT

In this section, we argue that the efficiency of nodal pricing can be recovered by introduction
a locational capacity market. The introduction of a capacity price m;, modifies the investment

condition in the following way:

0S%'nJ—foin—zuint—z:ﬂint+ﬂin20 (17)

teT teT

The capacity market clearing condition reads
T free L Ty — x4, = 0 (18)

where Z;, is the optimal capacity investment, i.e. the solution of the nodal capacity expansion

problem. This solution should be interpreted as a target capacity computed beforehand by the
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TSO through a process that is comparable to existing initiatives, such as ENTSO-E’s Mid-term
Adequacy Forecast in Europe (ENTSO-E|2020)). Such a mechanism would indeed lead to a recovery
of the efficiency, as condition ensures that the investment is optimal, and we have already
shown in Proposition [1| that the design is efficient in the short run. However, note that the
conditions are very strong: 7, can be either positive or negative and is differentiated both per

location and per technology.

In Proposition [3, we show that these conditions can be considerably weakened: the efficiency is
guaranteed to be recovered even in the case where the locational capacity price is not differentiated

per technology and is forced to be positiveﬁ

Proposition 3. If zonal pricing followed by MBR is augmented with a locational capacity market
that determines a non-negative capacity charge, uniform for all technologies of the given location,

then it is efficient, i.e. it leads to the same welfare as nodal pricing in the long run.

The intuition behind Proposition [3]is that, as all market participants have the same opportunity
cost when participating to the zonal market, they will earn the same margin. Consequently, there
exists a non-negative capacity charge, uniform for all units at the same location, that will cancel out

the profits made by the participants through the zonal-nodal arbitrage, which restores efficiency.

The crucial point for this result to hold is thus the fundamental observation that all market
participants have the incentive to bid the anticipated re-dispatch price in the zonal market. This
is what we prove formally in Proposition [3] As it turns out, under the assumptions of absence of
market power and perfect information, this is a robust result that does not depend on the specific

representation of market participants used in this paper. We discuss this further in Appendix

5The weakening of the conditions for recovery of efficiency obtained in Proposition |3|is particularly important as
it allows to connect the design to existing initiatives in Europe. As discussed in details in [Eicke et al.| (2020]), Great
Britain, Ireland and Sweden all implement capacity-based instruments that are differentiated among locations, but
none of them are differentiated among technologies. These instruments are not market-based. There is a capacity
market in France, but it has no spatial differentiation. However, as discussed in |Eicke et al.| (2020), France has
recently implemented a specific tender to build new capacity in Brittany that was facing adequacy issues. This
particular capacity tender thus had explicit spatial differentiation. Moreover, many countries impose a connection
charge to new capacities. This shows that a locational capacity market that determines a capacity charge would
share many characteristics with existing instruments in different European countries.
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5 Market monitoring via price cap and price floor

As we discuss in section [2] zonal pricing with MBR incentivizes market participants to deviate
from truthful bidding in the zonal market, even in the absence of market power. We have seen
that the results of the zonal market can be found by solving the modified zonal economic dispatch
problem given by model , where the marginal cost of participants has been replaced by the
expected re-dispatch price at their location, which corresponds to their opportunity cost. In this
case, their opportunity cost can be interpreted as the price bid that rational price-taking agents
would submit in the market, as we argue in Footnote [3| In practice, however, such a deviation
from truthful bidding could catch the attention of the regulator, which would have the opportunity
to intervene to prevent such a behavior. Closer market monitoring is indeed sometimes suggested

as a solution for improved efficiency in this context (Cramton|2022]).

Our interest in the present section is to integrate market monitoring in our model of zonal
pricing with MBR. For this purpose, we assume that market participants submit a bid in the
zonal market that corresponds to a weighted average of their marginal cost and the anticipated
re-dispatch price, i.e. ap, + (1 — a)MC; with a € [0,1]. The case with a = 1 represents the
situation discussed so far in the paper, in which there is no monitoring. Market participants
are free to deviate completely from bidding at marginal cost, and they therefore bid at their
opportunity cost, which is the anticipated re-dispatch price. On the contrary, the case of perfect
market monitoring corresponds to a = 0. That is, market participants cannot deviate from bidding
at marginal cost without catching the attention of the regulator and being sanctioned. This is of
course an idealized situation that cannot be realistically implemented in practice, as regulators do
not have perfect knowledge of market participants’ costs or the ability to perfectly enforce such

measures. This situation corresponds to the case of re-dispatch markets without anticipation, as

discussed in Hirth and Schlecht| (2020).

Following the developments in section , we know that the MLCP , corresponding to the

short-term equilibrium of zonal pricing followed by MBR, can equivalently be written, by means
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of a change of variables, as:

0 < Yin L pn+ tin — pz(n) = 0 (19a)

0 < pin L Xin — yin 20 (19b)

p. free 1 p, + Z VinzYm =0 (19¢)

p. free L —p, + Z Yin — D, =0 (19d)
ineN(2)

0< Y L Wiy = Viap 20 (19€)

where equations - correspond to the complementarity conditions of the nodal economic
dispatch, that define the re-dispatch price p,. In order to introduce the modified bidding from

market participants in the zonal market due to market monitoring from the regulator, it suffices

to modify equation (19al) by
0 < yin L app+ (1 = a)MC; + pin — pzn) 2 0 (20)

Interestingly, letting a = 0 restores the block skew-symmetric property of the MLCP matrix, which
implies that, in this case, the problem can be solved as a single optimization problem. That is,
the long-term equilibrium of zonal pricing with market-based re-dispatch without anticipation is

the solution to the following modified capacity expansion problem:

min ([6a) + >~ MCiyin

5. (T65) — (16

Note that problem is not equivalent to the nodal capacity expansion problem, due to the
additional term in the objective, which leads to double counting the zonal production cost. MBR
without anticipation is thus in general associated to a loss of efficiency in the long term, as we also

verify empirically in the case study, presented in the next section.
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6 Case Study: Central Western Europe

In this section, we present simulation results for a reduced instance of the Central Western Euro-

pean network area.

6.1 Data

We use the same dataset as in|Lété et al.| (2022). The area consists of 6 countries (Austria, Belgium,
Germany, France, Luxembourg and the Netherlands) grouped into 5 bidding zones, Germany and
Luxembourg forming one single zone. Our network is a reduced version of the CWE transmission
grid, originally based on the European grid model of Hutcheon and Bialek| (2013). Our time series
data (hourly demand, solar and wind production in each country) are obtained from the ENSTO-
E Transparency Platform for the year 2018. The generation data is obtained from Open Power
System Data, (2020). Our dataset includes a total of 892 non-renewable units. The models that
we use for the case study are generalized versions of the models presented in sections [2] and [3]
In the models of the CWE case study, we also consider revenues from reserve provision, where
reserve is assumed to be cleared simultaneously with energy. We also consider fixed operating
and maintenance costs. Units that cannot cover their fixed costs are decommissioned. We assume
that investment is possible in 3 different technologies, similarly to|Ambrosius et al. (2020): CCGT
units, OCGT units and Combined Heat and Power CCGT units. Our cost data is sourced from
Ambrosius et al. (2020). Wind and solar expansion are accounted for in an exogenous way. Based
on the exogenous renewable production, we build a net load duration curve, that we discretize
into 20 time periods, in order to obtain a tractable model. The capacity expansion model is then
run on a single representative year with 20 types of hours. Load, renewable capacity and existing
generators are calibrated for their expected value on future year 2035. The reader is referred to
Lété et al| (2022) for more details on the dataset, including specific values for the different costs

used in the case study.
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6.2 Algorithmic remarks

As we mention in section [3] the long-term equilibrium of zonal pricing with MBR corresponds to
a GNE. The GNE property originates in the imperfect nature of the market as the impacts of the
production decisions in the zonal market on the feasibility set of the TSO are not internalized by
the producers. From a mathematical point of view, this results in the breaking of the equivalence
between the MLCP that aggregates the KK'T optimality conditions at equilibrium of each type of
agent and the LP that maximizes welfare. However, although the equivalence does not hold, this
reasoning suggests a way to leverage this structure algorithmically by resorting to a splitting algo-
rithm. We describe below a basic splitting algorithm for solving the LC'P(q, M) that corresponds
to our MCP (Cottle et al.|2009):

Step 0. Initialization. Let zy be an arbitrary non-negative vector, set v = 0.

Step 1. General iteration. Given z” > 0, solve the LC'P(q”, B) where

¢ =q+C2"

and let 2" be an arbitrary solution.

1

Step 2. Test for termination. If z"*! satisfies a prescribed stopping rule, terminate. Other-

wise, return to Step 1 with v replaced by v + 1.

In our case, a natural choice for matrix B is that associated to the perfect version of the market,
i.e. to the welfare-maximizing LP. The C' matrix therefore captures the deviation between the
Jacobian of the MLCP and the matrix of the welfare maximizing problem. For this reason, the
term C'z¥ has the same analytical formulation as the Pigouvian tax that would restore efficiency,
that we discussed in section [4.1] In our case, it corresponds to the lack of impact of the re-dispatch
price on the zonal production decisions. The algorithm has thus the effect of adding p}vin: to
the remuneration of the producers, where p;, is the value of the re-dispatch price at the previous
iteration, similarly to the Pigouvian taxation modification, that adds p,¥;,: to the remuneration

of the producers.
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Policy Op. cost  Inv. cost  Total cost  Efficiency losses

[M€/yr] K

Nodal 15,810 10,433 26,243 -
Cost-based re-dispatch 16,835 10,909 27,744 5.4
MBR with a = 0.0 15,646 10,745 26,391 0.56
MBR with a = 0.2 15,679 10,856 26,535 1.1
MBR with @ = 0.4 15,913 11,661 27,574 4.8
MBR with a =1 19,057 15,867 34,924 24.9
MBR with capacity market 15,810 10,433 26,243 0.0

Table 5: Performance comparison of the different policies.

This is the methodology that we use for solving for the GNE corresponding to the long-term
MLCP. We note however that we have no guarantee of convergence for this algorithm on our

problem and that we observe empirically that convergence is sensitive to the starting point.

6.3 Analysis of the results

We benchmark the results of zonal pricing with MBR against two other policies: nodal pricing
and zonal pricing with cost-based re-dispatch, which ensures that the re-dispatch phase is revenue-
neutral for the producers. This policy also leads to inefficiencies in the long term due to the
incorrect investment signal that zonal prices represent, as discussed in further detail in |Lété et al.
(2022)). Table |5| presents the performance in terms of total operational and investment costs of the
different policies. We observe that, in the long run, zonal pricing followed by MBR is significantly
more costly than the nodal pricing benchmarkm. When a = 40%, we arrive at a loss of efficiency
compared to nodal pricing of 4.8% of the total cost. This rise in the total cost is due almost
exclusively to the investment cost, which is to be expected in light of the analysis of section [3]
Indeed, the arbitrage between the zonal electricity market and nodal re-dispatch market allows

producers to extract a rent that translates to significantly more investment in the long run that

"Note that caution must be exercised when interpreting the efficiency results, in view of the potential non-
uniqueness of equilibria that is discussed in Appendix [C] The results presented here relate to the equilibrium found
by the splitting algorithm, but we cannot exclude the existence of other, perhaps more efficient, equilibria.
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does not improve the operational cost. The operational costs between the nodal policy and the

MBR policy, on the contrary, are comparable.

Still in the case with @ = 40%, we observe that zonal pricing with MBR and cost-based re-
dispatch have similar efficiency, but that they differ in the distribution of the total costs. With
cost-based re-dispatch, most of the losses result from operational efficiency, which is significantly

degraded.

According to our results, market monitoring has a very significant influence on the efficiency of
zonal pricing with MBR. In the theoretical case of perfect market monitoring, i.e. in the case of
no anticipation of the re-dispatch by market participants, the efficiency of nodal pricing is almost
recovered. The efficiency gap remains small with a close monitoring corresponding to a = 0.2,
evaluated at around 1.1% in our results. Then, the loss in efficiency is significantly deteriorated
when « reaches 0.4. The case a = 1, although not very realistic in view of the large deviation
between implicitly submitted bids by market participants and marginal cost, gives an interesting
upper bound on how much things can go wrong. This result also confirms the super-linear trend
already observed for the cases a = [0,0.2,0.4]. We have added a detailed comparison of the
different market designs on the illustrative example in Appendix [D] to which we refer the reader
for a more detailed discussion of the mechanics behind the efficiency differences among the different

capacity allocation methods.

Note that these results have been obtained under the assumption of inelastic demand. As we
note in section 2.1}, in practice, consumers could also engage in price arbitrage between the zonal
and re-dispatch market. Empirically, the results that we obtain here are thus conservative, and
active consumers engaging in price arbitrage can only make things worse. This reinforces our

conclusion regarding the inefficiency of the design.

Figure [2] presents the optimal investment in the three candidate technologies for the five CWE
bidding zones. One observes that the main difference between the nodal pricing and MBR policies is
that zonal pricing with MBR tends to over-invest, especially in technologies with lower investment

cost like CCGT and OCGT. This is particularly visible in the case with a = 0.4, where zonal-nodal
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Figure 2: Optimal capacity in the long-term equilibrium in nodal pricing and zonal pricing with
MBR, decomposed by bidding zone.

arbitrage is more pronounced. This confirms the results obtained with the illustrative example.

Although their total costs are similar with intermediate monitoring, the MBR policy has a
notable advantage over zonal pricing with cost-based re-dispatch: its efficiency can be restored
when it is combined with a locational capacity market, as discussed theoretically in section
and confirmed here empirically. In this section, we are also interested in analyzing the conditions
under which the efficiency of zonal pricing with MBR could be restored. Figure [3| presents the

magnitude of the optimal capacity price under this policy for each node of the network.

We observe large differences between the different values of the optimal capacity price. In
particular, although the large majority of the charges are below 50k€ /MW, one node at the
border between Belgium and France receives a value of more than 150k€/MW. This large value
can be explained by the fact that it is only connected to nodes in France while it belongs to the
Belgian bidding zone. For this reason, it exhibits a large difference between its zonal and nodal

price which makes it particularly prone to arbitrage.

To confirm this intuition, we plot, in Figure 4] the difference between average zonal and nodal
prices as a function of the optimal capacity price. Clearly, there is a high correlation between the
difference of average nodal and zonal prices in a location and the value of the optimal capacity

price needed to restore the efficiency of MBR, which suggests that this difference is the main driver
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Figure 3: Spatial distribution of the optimal capacity price.
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Figure 4: Difference between the average zonal and nodal prices as a function of the optimal
capacity price.
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for the inefficiency.

7 Conclusion

As the integration of renewable energy and distributed energy resources increases uncertainty and
variability in the electricity grid, it becomes more and more important to evolve towards a pricing
system that is consistent with real-time dispatch. For different reasons driven by institutional
concerns, the European market has been organized around the concept of zonal pricing. Instead,
locational marginal pricing, which proved efficient in various markets around the world, has so
far been dismissed. In this context, it appears tempting for EU stakeholders and legislators to
rely increasingly on market-based re-dispatch, which is seen as being able to reconcile a pricing
system that supports real-time dispatch with the zonal organization of the market. This is for
instance witnessed in the recast of the electricity regulation which makes market-based re-dispatch
the default rule (European Parliament, Council of the European Union 2019)). It is well known
that zonal pricing followed by MBR incentivizes market participants to deviate from bidding at
marginal cost, even in the absence of market power. Existing literature has studied the problem in
the short term (De Vries and Hakvoort| 2002, |Holmberg and Lazarczyk 2015, Hirth and Schlecht
2020). In this paper, we prove formally that under a series of strong assumptions (perfect foresight
and absence of irrevocable decisions based on the zonal market), zonal pricing with MBR is efficient
in the short term. These assumptions, however, are known not to hold in practice. Indeed, many
resources must be committed in the day-ahead stage, based on the results of the zonal market,

which leads to inefficiencies in the short run (Aravena et al.2021)).

In the long run, new types of inefficiencies manifest, even under the series of strong assumptions
mentioned above. In times of energy transition, it is therefore crucial to understand how MBR

impacts the long-term equilibrium, both theoretically and quantitatively.

In this paper, we propose a long-term equilibrium model of zonal pricing followed by MBR. We
show how inefficiencies in the long run originate from the mathematical structure of the problem,

with investment conditions coupling the zonal and nodal parts of the problem. We then discuss the
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conditions under which efficiency can be restored under this design as well as the impact of market
monitoring on efficiency. Finally, we propose a case study on a large-scale instance representing

Central Western Europe and compare MBR with nodal and zonal pricing benchmarks.

We find that zonal pricing followed by MBR is associated with significant efficiency losses, due to
the fact that it incentivizes over-investment in technologies with low investment cost. This confirms
the intuition discussed in Hirth and Schlecht| (2020), that predicts investment in so-called “ghost
plants" under this design. Our results also confirm that efficiency can be restored by introducing an
additional locational capacity market, as proven theoretically in the paper. We find, however, that
recovering efficiency is only possible under large deviations in capacity charges among locations,
hindering the practicability of an efficient implementation. Finally, the case study highlights that
market monitoring has an important impact on the results. Although efficiency can be kept close

to that of nodal pricing under close monitoring, it quickly deteriorates when monitoring is relaxed.

The present work has focused on the efficiency of MBR in the best case, and has omitted
the impact of uncertainty. In particular, we have assumed that market participants are able to
perfectly predict re-dispatch when participating in the day-ahead market. Based on our modeling
framework, it would be possible to relax this assumption by considering uncertainty in the re-
dispatch price. This would make for an interesting extension to the present work, which would
allow us to account for risk considerations. Moreover, an important argument for evolving towards
MBR relates to the difficulty of evaluating correct compensation for re-dispatched resources in
cost-based re-dispatch in a system with significant penetration of demand response and storage.
Future work will build on the modeling framework presented in this paper in order to assess the

impacts of MBR in systems with an increasing deployment of these types of resources.
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Appendix A Proofs of the Propositions

Proposition 1. Zonal pricing followed by MBR, as formulated in MLCP (|7, is efficient in the

short run.

Proof of Proposition[]l The result follows from the observation that, in any solution of MLCP
, the final physical dispatch #;, must solve the nodal economic dispatch problem @, as we

discuss in section 2
]

Proposition 2. If the marginal costs, the investment costs and the demand in all nodes are
positive, and if the set P is such that W,, > 0 Vm € M, the MLCP that represents the long-term

equilibrium has a solution.

Proof of Proposition [J We first note that, if MC,IC, D > 0, then the re-dispatch prices py;
are always non-negative and the balance constraints can be transformed into inequalities without
affecting the solution. Indeed, assume by contradiction that dn,t s.t. p,; < 0. Then, by equation
(7d)), we get that &;, > 0 Vi € I, which implies by that Yint + Jine = 0 Vi. Then, combining
[, and the fact that > 7, =0 Vt, we get

Z (yint + gmt) = Z Dm, YVteT

n
which is a contradiction.

Equation ([7j) can thus be transformed into
0 S Unt 1 —Tnt + Zymt - Dnt +7znt Z 0

Now, note that any MLCP can be transformed into an equivalent LCP by duplicating all free vari-
ables into a positive and negative part, and duplicating all equality constraints into two inequality
constraints. Let us denote by M and g respectively the matrix and the vector of independent

terms associated to the LCP derived in such way from our MLCP. By Theorem 3.8.6 of |Cottle



et al.| (2009), if M is copositive and if, for all solutions v* of the homogeneous LCP, it holds that

q"v* > 0, then there exists a solution to LC'P(q, M). We use this theorem to prove existence.

Let us first show that M is copositive. To do this, we note that M is the sum of two matrices:

M=DM-+N

where M is skew-symmetric (it is the matrix associated to the equivalent LCP of the centralized
problem, i.e. the welfare-maximizing problem) and where N is of the following form (in block

formulation):

Unt (22)
T I |
- 0 0
N = (23)
0 O 0 O

Here, I is the rectangular identity matrix, i.e. a matrix with 1 in the entries associated to line ¥;,;

and column v,,;, and 0 otherwise. This implies that
v Mv=v" Mv+v Nv=v Nv= Z YintVnt
int

where v is the full vector of variables of the LCP. This expression is indeed non-negative if each

Yint and v,; are non-negative.

Now, let v* = (2%, Yk -~ Po ,po ) be a solution to the homogeneous version of the LCP,

where the free variables such as p¥, have been transformed into p;™ — p¥~ to obtain the LCP from



the MLCP. We have

qT’U* = Z ICln.T;kn + Z Mczyz*nt + Z Xin/“j“;(nt + Z Xlnl&;knt_‘_

in int int int
Z WY + Z Wm;ﬁnt‘*'

mt mt

Z MCiyin, — Z Dm(ﬂif — Pz )

int nt

All the terms of the first and second line are non-negative, as they correspond to the product of
non-negative quantities. From equation (7l) and the fact that ) _p., = 0, we deduce that vy}, = 0.
This implies from equation that g}, > 0 and thus that the first term of the third line is
also non-negative. From equations (7€), and (7]), we get that 0 < v}, = pr, = =&, <0,
which implies that these three quantities must be equal to 0. We then deduce from that
pit — ph” <0, which, together with v, = 0, yields the non-negativity of the second term of the

third line and concludes the proof.

O

Proposition 3. If zonal pricing followed by MBR is augmented with a locational capacity market
that determines a non-negative capacity charge, uniform for all technologies of the given location,

then it is efficient, i.e. it leads to the same welfare as nodal pricing in the long run.

Proof of Proposition[3. First, note that if the capacity price is forced to be positive and uniform
among technologies, then the investment condition and the capacity market clearing condition

become respectively as follows:

Oﬁﬂfinl—fci—ZMmt—Zﬁmt+7Tn20 (24)

teT ter
il iel
We need to show that all solutions of MLCP (24)), (25), - are as efficient as the nodal

solution. Let (*) be an arbitrary solution of the MLCP and let (-) be a solution of the nodal



capacity expansion problem. Assume by contradiction that

in int int

We start by showing that, in this case, Y .., Zin = > _,c; Tin. We will show this by contradiction,
using thus a second embedded contradiction assumption: assume, by contradiction, that the set
of nodes for which the total nodal capacity differs between the solution is non-empty, and denote

this set by . That is, ) is the subset of N of maximum cardinality which is such that

Y Ein <D T VN EQ (27)
icl iel
Let us denote by v, the arbitrage rent in this solution, i.e. v, = Zie 7 fint. Now, observe that the

corresponding variables of the solution (*) must also be a solution of the following optimization

problem:

min Z(IC’m — Up + ) Tin, + Z MCi(Yint + Yint)

int

s.t. Xm—i_xzn_yznt_gznt 2072.6 ],’I’LGN,tET [ﬂmt]

Tntg — Z(yznt + gznt) + Dnt = 07 n c N, t e T [ﬁnt] (28)

int

Wm - Z‘N/mnrntym S Mat € T H/mt]

Yint + Jint > 0,0 € I,n € Nt €T [Si]

By definition, the solution (*) is the solution of the nodal capacity expansion problem, i.e. it is a

solution of:

mn int

st. Xin +Tin —Yine > 0,0 € I,n €Nt €T [flint]

Tnt_zyint_l'Dnt:OaneNateT [ﬁnt] (29)

int

Wm — van’rnt,m - M,t € T [’S/mt]

Yint > 0,0 € I,n € Nt €T [Oip]



We deduce, as the feasible sets of both problems are the same, that the following should hold:

Z(]Oi — Vp + Tn)Tin + Z MCi¥ins >

n int

By reorganizing the terms, we get

Z I1C;, + Z MCiint — Z 1C;5, — Z MCi(Gint + :émt) >

int in int

S v+ 1) (Y @i —din)) S (v 4 7 (S (Fon — in)

neq i€l neN\Q i€l

Note that, as @) is the set of maximum cardinality among all for which holds, we have that

neN\Q i€l

Moreover, for all n € @, we have 7, = 0 by the complementarity condition . Therefore,

equation simplifies to

int in int

Z(_Vn) ( Z(j:m - jm))

new i€l

(32)

The left-hand side in is strictly negative by our first contradiction assumption, whereas the
right-hand side in is non-negative, which leads to a contradiction of our second assumption.

This implies that, in any solution () of the MLCP (24), (25), - ((7m)) such that holds,
Yicr Tin = D e Tin for alln € N.



Now, by the optimality of (*) for the perturbed problem (i.e. problem ([28))), we have

neN i€l int
S ICTE, A+ Y (V7)Y Tin+ > MCifjiny
n neN i€l int

which implies

> ICidm + > MCi(fimt + Gint) < Y ICiTin + Y MCifjiny

mn int mn int

which is a contradiction to our first contradiction assumption, and, therefore concludes the proof.

0

Appendix B Extensions of the model to other types of mar-
ket participants

The goal of this Appendix is to extend the model to account for other types of market participants,
namely consumers, renewable resources and storage. For each of these additional types of market

participants, we show that the fundamental results of the paper remain true.

Consumers. The consumers of type j € J located at node n € N with willingness to pay V;
and electricity demand Dj,, maximize their utility for consuming while buying electricity at price
pz(n) in the zonal market and/or at price p,, in the re-dispatch market. Their surplus maximization

problem can be written as follows:

max V](wjn + w]n) — PZ(n)Wjn — ﬁnwjn
Win,Wjn
Dj —wjn—ﬁ)jnZO

wjn +ILD]TL Z 0

U)JnZO



In this model, wj, is the power consumed in the zonal market and wj, is the re-dispatch quantity
of consumers of type j in node n. The KKT conditions of this consumer surplus maximization

problem can be expressed as:

Wy, free L —Vj+ Uj + pn — Cjn =0

Similarly to the case of power production, we can combine the two equations in order to isolate

the following equivalent optimality condition for consumers in the zonal market:

ng]nJ— _ﬁn+yjn+pZ(n) >0

This equation is exactly the optimality condition of consumption in a zonal economic dispatch
problem where the valuation V; would have been replaced by the re-dispatch price p,. This
highlights that the outcome of the zonal market in the setting where it would be followed by
a re-dispatch market can be obtained by solving an economic dispatch problem where both the
marginal cost of producers and the willingness to pay of consumers would be replaced by the

anticipated re-dispatch price p, at their location.

Renewable producers. Modeling renewable energy sources is generally more complicated than
conventional resources, as their available capacity is highly variable and uncertain. The perfect
foresight assumption, however, greatly simplifies the analysis. It suffices to assume that, for every
renewable resource, there is a known capacity factor for every time period of the year that defines
the fraction of the total installed capacity that is available for production at time ¢t € T. We
denote the capacity factor of renewable resource 7 in node n and time ¢ by C'Fj,;. For renewable
resources, an equivalent assumption to the assumption of asset-backed arbitrage made in the main
model of this paper is that operators can only bid up to the forecast capacity in the zonal and
re-dispatch market, and not up to their nameplate capacity. Additionally, the marginal cost of

renewable energy resources can be assumed to be zero. With this notation, the profit maximizing



problem for renewable resources can be written as:

max Pz Yin + Pufin’
st. CFpuXin — Y >0
CFiuXin — Y — Ui >0 (33)
Ul + G >0

Yt >0

Seeing the similarity with the conventional producer model, it is clear that the fundamental ob-
servation regarding the equivalence to the zonal economic dispatch with marginal cost replaced by

the re-dispatch price extends to the case of dispatchable renewable resources.

Storage. Storage resources can gain profit in an electricity market by performing classical inter-
temporal arbitrage. Under zonal pricing with market-based re-dispatch, in addition to the inter-
temporal arbitrage, they can also perform the zonal-nodal arbitrage that we discuss in this paper.
Fundamentally, the same logic that applies to classical electricity producers also applies to storage
resources, as we discuss formally in this section. Let us denote by p%,, p%4* respectively the charging
and discharging power cleared in the zonal market of the storage resource located in node n at

time ¢, pi%, p2U* the re-dispatch quantities cleared, e,; the energy level in the storage measured at

time t and k, the energy capacity of the battery. Then, the profit maximizing problem of the



storage over the time horizon 7" can be written as:

e Z (Pz(n)t(p?;it — )+ P (PO — 15;35))

Dnt,ent,kn teT

t
i ~in 1 ou ~ou
stoe =) (ﬁz(pi?t + Pny) — —= (" +pmt)> [£tne]
sy Vi
O S €t S kn [Ent]
O < p < k: /’7 [ﬂ-nt]

O < pout < k:n/’y [ﬂ_out]

nt

O S pout +pout < ]{3 /’7 [ Z?t77}out]

nt nt

where 7 is the round-trip efficiency and ~ is the discharging time at full capacity. Note that, in this
model, we ignore the constraint preventing charging and discharging at the same time, in order to

keep the model linear.

Let us look at the KKT conditions of charging power in both the zonal and re-dispatch market:

0 <pp LZMmpzmﬁwmwm ¢n >0 (35)
Py free L Z Vi + ot + 7 — (5 =0 (36)

In these equations, the term 22:1 V/Tin; takes the role of the marginal cost in the case of classical
thermal units. It represents the temporal arbitrage rent that the storage resource can earn and will
characterize the bidding behavior of a price-taking storage unit under perfect information. Now,

combining the two equations, Equation can be simplified as:

This equation is equivalent to the optimality condition for production in the zonal market for

classical production units. It indicates that the unit has an incentive to bid at the anticipated re-



dispatch price in the zonal market, regardless of the opportunity cost related to temporal arbitrage.
In particular, the term Z;l \/Mini does not appear in Equation . In the zonal market, the
storage operator only needs to consider the zonal-nodal arbitrage rent when bidding in the zonal
market, and only considers the inter-temporal arbitrage rent when bidding in the re-dispatch

market. Note that a similar development can be obtained for the discharging power.

Appendix C Uniqueness of solutions

Uniqueness of equilibria is a desirable property for an economic system. It increases confidence
that the system will evolve towards that particular equilibrium and enables a reliable quantitative
comparison between different scenarios or market designs. It is well known that in a perfect market
(convexity, completeness, perfect competition, absence of externalities), the equilibrium is unique
except in degenerate cases that form a set of measure zero. This follows from the fact that the

equilibrium can be described as the solution of a single linear program.

When we deviate from this perfect setting, however, such as under the market design that
we analyze in this paper, uniqueness cannot be guaranteed in general. We can, nevertheless,
characterize the solution set in our analysis further by stating that, for almost all parameter data,
the number of solutions is odd and finite. In order to show this, we would like to apply the
reasoning of Bidard| (2012) who shows that for certain types of LCPs this property can be inferred
from the working of the parametric Lemke algorithm. The reasoning applies for the LCP(¢*, M)

with the two following properties:
1. The matrix M has zero blocks on the diagonal.

2. One can define a homotopy ¢(7) : [0, 1] — R™ such that LCP(¢(0), M) is known and unique;

Iy € (0,1) : ¢(y) = ¢*; and there are no new solutions to the LCP for vy > 1.

The former condition is typical for LCPs that correspond to an economic equilibrium and applies
naturally to our problem. The latter is less obvious in our setting. One would be tempted to take

the solution of the centralized problem, which is known and unique for almost all parameter data,

10



as the starting point and build the homotopy in such a way to deviate from the centralized to the
decentralized formulation. This is a plausible strategy, and corresponds to the reasoning applied
in Abada et al.| (2017). However, this type of homotopy involves modifying the matrix M with
parameter v as the matrices from the centralized and decentralized formulation differ from each

other; therefore, it does not fulfill the second condition stated above.

One can, however, apply a different strategy by using the result obtained in Proposition [3| We
have shown that the zonal pricing equilibrium with market-based re-dispatch is equivalent to the
centralized formulation when it is augmented by a capacity market with positive capacity price.
This implies that there exists an optimal positive capacity price 7 that leads to the equivalence
between the centralized and decentralized solution. One can thus define the homotopy as the

LCP(q, M) that corresponds to the decentralized equilibrium, where condition ([12)) is replaced by:

teT teT

When v = 0, the LCP is equivalent to the centralized formulation and the solution is known and
unique. When v = 1, we recover the decentralized formulation. When v becomes large enough, the
problem becomes infeasible. With this homotopy defined, we are now in the conditions of |[Bidard
(2012)) and we can apply the results of the paper to conclude that the number of solutions is finite

and odd for almost all parameter data (i.e., except in degenerate instances).

Bidard| (2012)) shows that the property is related to the parametric Lemke algorithm. This
algorithm could thus be applied to discover multiple solutions or certify uniqueness. In order to
further investigate the uniqueness property for our problem, we have implemented the parametric
Lemke algorithm (Cottle et al/[2009) in our illustrative example that is described in section [3.2]
Figure 5| presents the evolution of the total cost of the solution with parameter v. The parametric
Lemke algorithm obtains the same solution as the splitting algorithm discussed in section [3.2]
which validates the implementation. The evolution is monotone and terminates at a value of
around 1.11, where the problem becomes infeasible. This numerically confirms the uniqueness of

the solution for the illustrative example.
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Figure 5: Evolution of the total cost of the equilibrium with the homotopy parameter v in the
implementation of the paramteric Lemke algorithm in the illustrative example.

The application of the parametric Lemke algorithm to our problem is particularly interesting in
that it has an economic interpretation. It computes the value of the total cost of the equilibrium
resulting from the imposition of a capacity charge that is not set at its optimal value. Often,
fully pricing externalities is not possible or not desirable for different reasons, and the contin-
uum of solutions for v going from 0 to 1 gives a continuous of theoretically reachable equilibria.
The inflection points or the potential bifurcations obtained with the parametric Lemke algorithm

provides valuable information for pricing externalities when tradeoffs have to be made.

Note that the parametric Lemke algorithm is more challenging to implement than the splitting
algorithm as it can be prone to numerical instabilities. Its application to the large-scale case study

is thus outside the scope of this paper.

Appendix D Comparison of the capacity allocation methods
on the illustrative example

In this Appendix, our goal is to compare the results of the different capacity allocation methods
on the illustrative two-node one-zone example that we introduced in section 2.4, We compare the

profits earned by the different units in the short term and discuss the differences in profits under
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Nodal CBR MBR MBR

no anticipation anticipation

Unit Ny No Ny No Ny No Ny No
Coal 16 16 9.42 9.42 10.13 11.92 16 34.5
Gas 5 4.95 0 0 4.47 0 ) 23.45
Nuclear 32 32 2792  27.92 27.92 27.92 32 50.5
Oil 0 0 0 0 0 0 0 18.5

Table 6: Marginal profit of the different units under nodal pricing [€/MWHh]|.

the following designs:
1. Nodal pricing
2. Zonal pricing with cost-based re-dispatch (CBR)
3. Zonal pricing with MBR without anticipation

4. Zonal pricing with MBR with anticipation

Nodal pricing Nodal pricing is the first-best design in our setting. It consists of a single market
with locational marginal prices. The profits of the different units, along with those under the other
designs, are presented in Table[6] We observe that the marginal profits are always exactly equal to
investment costs for the units that have a nonzero capacity. For the units that have zero capacity,
the profit that they would earn, should they join the market, would be below their investment
cost. This shows that the efficient level of investment is supported by the nodal market, which

holds by design in our setting.

Zonal pricing with CBR In zonal pricing with CBR, the units are re-dispatched at cost and,
therefore, only earn profits in the zonal market. The market completely omits the transmission
constraint and units of a given technology earn the same profits in both nodes. As the congestion
in the transmission line is not priced, electricity prices as well as profits decrease compared to
the nodal pricing case. In particular, none of the units would recover their investment cost. This

explains why zonal pricing tends to lead to less investment in capacity than the efficient level. This
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case is analyzed in more detail in [Lété et al.| (2022).

Zonal pricing and MBR without anticipation In this case, there are two sequential markets,
a zonal market and a re-dispatch market, but units are assumed to bid at marginal cost in the
zonal market. As we discuss in the main body of the paper, this is not an optimal strategy, even in
the absence of market power. It corresponds to the case with full market monitoring (o = 0) that
we introduce in section [l In terms of profit to market participants, this case yields results that
are between those of nodal pricing and zonal pricing with CBR. Indeed, in the zonal market, the
producers have exactly the same profit as in the case of zonal pricing with CBR. However, they
are paid at the nodal price for their re-dispatch quantities. As as result, this improves on the zonal
pricing design with CBR by restoring part of the profit of producers based on nodal prices. This
is the fundamental justification behind the introduction of re-dispatch markets. However, these
results are only theoretical as they correspond to a suboptimal behavior of market participants,

even in the absence of market power.

Zonal pricing and MBR with anticipation This is the design that we have analyzed in this
paper. In terms of profits in the short term, it leads to inflated profits for the units located in
Node N,, as we discuss in section This translates, in the long run, into inefficient investment

in Oil capacity at node N, as we show in section [3.2]
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