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based redispatch (CBR) to market-based redispatch (MBR) mechanisms. For networks
with at least three nodes we show that in contrast to CBR, in the case of MBR incentives
to minimize redispatch cost are in general not efficient in the context of our short-run
analysis. This obtains both for pay-as-bid as well as locational marginal prices used for
MBR compensation. As we demonstrate, moreover, in case of MBR the possibility of
the transmission system operator to inefficiently reduce redispatch cost at the expense
of decreased overall welfare can be driven both by the electricity supply side and the
electricity demand side. Our results highlight a novel and important aspect regarding the
design and the desirability of congestion management regimes in liberalized electricity
markets.
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1. Introduction

Today, in most industrialized countries electricity markets are partly liberalized. Typi-
cally, markets govern supply and demand while regulated transmission system operators
(TSOs) operate the network. As electricity wholesale prices at the day-ahead spot markets
often do not entirely reflect network constraints, the TSO is typically engaged in congestion
management ex-post spot market trading.1 In the case where spot market allocations yield
infeasible network flows, the TSO intervenes ex-post and adjusts the traded quantities to
restore network feasibility. These short-run operations are called redispatch operations;
see for instance Oggioni and Smeers (2013).

To determine allocations and reimbursements of firms in the redispatch procedure
two types of redispatch systems are mainly implemented and discussed in the literature.
Under a cost-based redispatch system (CBR) – as it is applied in Austria, Switzerland, or
Germany2 – variable cost of production is the basis for redispatch payments; see Trepper
et al. (2015), Grimm et al. (2016b), or Grimm et al. (2016a) for more details. As a CBR
compensation is purely based on the incurred short-run cost of redispatched producers, it
clearly aims at minimizing congestion management cost of the TSO. In contrast, under
market-based redispatch or counter-trading (MBR) the TSO procures redispatch quantities
at the different nodes in a market environment. Depending on the specific pricing rules
(locational marginal pricing or pay-as-bid pricing) the compensation of market participants
can be different from short-run cost. Versions of counter-trading are applied in the Nordic
market (comprising Denmark, Finland, Norway, and Sweden), in the Netherlands, and in
the United Kingdom; see Bjørndal et al. (2003), Dijk and Willems (2011), Glachant and
Pignon (2005), Green (2007), Inderst and Wambach (2007), or Mirza and Bergland (2015).

There is an intensive academic and political debate regarding the desirability of the
different redispatch systems. On the one hand, the different redispatch systems induce
different revenues for the market participants. One intensively discussed argument in
this context relates to potentially improved long-run investment incentives of market
participants in case of MBR; see Inderst and Wambach (2007) or Haucap and Pagel (2013).
Private investments in generation capacity are typically driven by expected future profits.
In Grimm et al. (2016b), Grimm et al. (2016a), Grimm et al. (2017), Grimm et al. (2019),
or Weibelzahl and Märtz (2020) it is shown that the chosen market design highly influences
optimal long-run investments. In contrast to a CBR regime, where firms cannot realize
profits by being redispatched, redispatch prices under MBR often exceed the firms’ variable
production cost; see de Vries and Hakvoort (2002). Note that our formal analysis does
not directly contribute to the debate regarding long-run investment incentives of market
participants but focuses on the short-run perspective. Nevertheless, we jointly discuss
those issues at the end of the article (see Section 6).

On the other hand, the different redispatch systems induce different levels of redispatch
cost for the TSO. The present analysis focuses on potentially changed incentives of the
TSO to chose redispatch adjustment quantities. TSOs in electricity markets are typically
regulated based on an incentive regulation which establishes limits for the prices that can
be charged to customers for transmission services. A reduction in cost incurred by the TSO

1This is not the case in a nodal pricing system – as it is used in the United States, New Zealand,
or Russia – where energy trading does fully account for physical network constraints and ensures an
optimal use of the transmission capacities of the network; see for instance Joskow (2008) or Holmberg and
Lazarczyk (2015).

2See the German Energy Act (EnWG (2017)) §13a.



MARKET-BASED REDISPATCH 3

allows for larger profits, providing incentives for an efficient cost reduction. In many cases,
TSOs thus have incentives to minimize their spendings, including those resulting from
the redispatch process.3 For example, in the UK the TSO National Grid uses redispatch
measures that account for the cost-effectiveness of the used redispatch resources; see
Neuhoff et al. (2011), Konstantinidis and Strbac (2015), and National Grid (2020). Also in
Germany, TSOs are incentivized to minimize their network costs, including redispatch cost,
according to EnWG (2017) §1, the “Incentive Regulation Ordinance” (ARegV (2017))4, and
the “voluntary self-commitment for redispatch” by the TSOs (German TSOs (2018)). As
our analysis indeed shows, an incentive regulation inducing the minimization of redispatch
cost as the objective of the TSO can be highly problematic in case of MBR since it may
result in distorted redispatch choices. In contrast, in case of CBR, incentives of the TSO
to minimize redispatch cost yield undistorted redispatch decisions.

To analyze those important issues in more detail, the paper at hand introduces a model
that allows us to assess the short-run impact of the different redispatch regimes on the
redispatch decisions taken by the TSO in liberalized electricity markets. We consider a
day-ahead, energy-only spot market with a uniform market price for the case of elastic
spot market demand and multiple generation technologies at the different network nodes.
Subsequent redispatch is applied to deal with network congestion. Assuming that the TSO
is incentivized to minimize redispatch cost, we explicitly compare CBR to two different
variants of MBR. The model is applied to a simple two-node network as it is often used in
the literature (see for instance de Vries and Hakvoort (2002), Dijk and Willems (2011),
Holmberg and Lazarczyk (2015), or Hirth and Schlecht (2018)), and also to a setting with
three nodes and more complex physical network constraints.

For the case of only two-node networks, we show that both CBR and MBR result
in identical welfare-maximizing outcomes, which is in line with the existing literature
(see, e.g., de Vries and Hakvoort (2002) and Holmberg and Lazarczyk (2015)). As a
main result, for networks with at least three nodes we demonstrate that in contrast to a
CBR mechanism, redispatch cost minimization of the TSO may not always imply welfare
maximization in the case of MBR. We show that the TSO might have incentives to decrease
MBR redispatch cost at the expense of market efficiency. Based on this finding, we finally
emphasize the importance for energy markets that use MBR to establish a regulation
where the TSO is obliged to implement the welfare maximizing (instead of the redispatch
cost minimizing) dispatch. This would result in efficient outcomes as under a CBR regime.
Observe that our results do not require the assumption of strategic firms, but already hold
for the standard case of perfect competition.5

3For more details regarding the regulation of TSOs see, e.g., Kirschen and Strbac (2018) or Glachant
et al. (2013).

4The cost efficiency of each TSO is compared with other comparable TSOs and determines an efficiency
value, which can increase or decrease the revenue cap that limits the TSO’s revenues from network fees;
see ARegV (2017) §12–§16. Currently, redispatch cost is not part of the efficiency comparison, as the
regulated redispatch compensation cannot be influenced by the TSO under CBR. However, since the
redispatch potential is to be expanded in the upcoming years, e.g., through flexible consumers and storage,
a discussion is currently taking place as to whether part of the cost can then be influenced by the TSO
and how a cost-effective redispatch should be incentivized by the ARegV; see BDEW (2019).

5Strategically acting firms could cause further inefficiencies, e.g., by withholding capacities, as in the
California Electricity Crisis in summer of 2000; see Wolak (2003b). The analysis of strategic behaviour is,
however, beyond the scope of this paper.
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Note that the adoption of properly functioning redispatch regimes as analyzed in
the present article is of highly political relevance. In Germany for example, the Ger-
man Monopolies Commission repeatedly discussed the introduction of alternative redis-
patch mechanisms including MBR during the last years; see Monopolkommission (2009),
Monopolkommission (2011), or Monopolkommission (2013). In 2015, the Oberlandes-
gericht Düsseldorf (Higher Regional Court of Düsseldorf) also concluded that in Germany
the current CBR rules must be adjusted in order to account for foregone revenues of
redispatched firms; see Oberlandesgericht Düsseldorf (2015).6 In contrast, the Dutch
Ministry of Economic Affairs introduced an MBR system, arguing that one reason for the
introduction is that the corresponding long-run investment signals would induce additional
market entry. This might then increase the level of competition in the market and thus
increase social welfare by reducing price-cost margins; see Dijk and Willems (2011). In the
Clean Energy Package of the European Union, MBR is defined as a fundamentally binding
principle in congestion management, from which deviations are only permitted under
certain conditions.7 For this reason, in Germany the project “Study on the procurement of
redispatch” commissioned by the Federal Ministry of Economics and Energy examined the
effects of a change of the existing CBR to an MBR regime and argued against such change;
see Consentec (2019).8 These examples highlight the relevance of the two redispatch
systems in current political and scientific discussions on electricity markets. Furthermore,
they present possible arguments for a change from CBR to MBR. In this context, our
analysis most importantly highlights that switching the redispatch regime may have to be
accompanied by a careful adjustment of the incentive scheme of the system operators.

1.1. Literature. Despite the fact that a lot of studies deal with the effects of redispatch
(see, e.g., Oggioni et al. (2012), Oggioni and Smeers (2012), Kunz (2013), Oggioni and
Smeers (2013), Perninge and Söder (2014), Kunz and Zerrahn (2015), Holmberg and
Lazarczyk (2015), or Kunz and Zerrahn (2016)), only few authors have explicitly analyzed
the differences between CBR and MBR mechanisms.9 An exception is Knops et al. (2001),

6In an adjustment of §13a of the German Energy Act (EnWG (2017)) on July 30th 2016, the
reimbursement of a redispatched generation facility is defined to be appropriate if “its operator is neither
better off nor worse off from an economic perspective than he would be without the adjustment”. Thus,
redispatch compensation is still based on costs, but now it is clarified which costs have to be reimbursed
additionally to variable cost, e.g., cost for the start-up of inactive generators, cost for the delay of a
planned revision, or cost in case of an adverse intervention in the heat supply of CHP plants. Therefore,
an industry guideline for the remuneration of redispatch measures was published in 2018 (see BDEW
(2018)), which defines the various cost components that the power plant operator has to provide to the
TSO including the associated calculation logic and the necessary documentation. The new legislation still
does not give the possibility to make additional profits to cover investment or operational fixed costs of
generators.

7See, e.g., the Regulation on the governance of the energy union and climate action (EU)2018/1999
entered into force on 24 December 2018.

8The investigations showed that the advantage of being able to better exploit additional potentials for
redispatch is outweighed by two disadvantages: The exercise of so-called inc-dec gaming, see the discussion
in Section 1.1, and the increase in market concentration and thus the vulnerability to the exercise of
market power in locally more fragmented markets.

9Wolak (2003a) and Munoz et al. (2018) compare cost-based and market-based (or bid-based) electricity
market designs in general. According to Wolak (2003a), a review of suppliers’ claimed input cost is essential
for cost-based designs, which is associated with increased regulatory challenges. Munoz et al. (2018) state
that under a cost-based design identifying and auditing the total marginal cost of all generators (especially
the opportunity cost) is challenging and likely to lead to incorrect estimates and inefficient dispatch.
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who consider different congestion management methods and compare MBR to CBR.
The authors mainly focus on institutional and basic system requirements that may be
quite similar for the two redispatch systems. In an extension, de Vries and Hakvoort
(2002) explicitly focus on the question of efficiency of the two redispatch mechanisms.
In a two-node network with inelastic demand, the authors find that CBR and MBR are
both economically efficient in the short run. More recently, these results are affirmed
in Holmberg and Lazarczyk (2015). The authors show that MBR results in an efficient
dispatch, assuming inelastic demand and continuous, strictly increasing marginal cost
of production at each network node. Given this short-run equivalence findings, existing
studies often use clear-cut CBR models to formulate MBR mechanisms; see for instance
Oggioni et al. (2012) or Oggioni and Smeers (2013). Observe that our model may be
seen as an extension to the above-mentioned studies that focus on a simpler network and
generation structure or that assume the TSO to maximize welfare or minimize (stated)
production cost. We contribute to the existing literature on redispatch regimes by extending
the analysis to networks with more than two nodes and by considering TSOs that are
incentivized to minimize redispatch cost by the regulatory framework.

So far, most real-world electricity markets only consider redispatch on the supply
side, even though redispatch on the demand side is theoretically possible. However, the
discussion on a higher flexibility of demand and the role of demand-side management
is gaining more relevance over the last years; see for instance Strbac (2008), Palensky
and Dietrich (2011), Veit and Gawel (2014), or Ambrosius et al. (2018).10 One reason
is the rising interest in flexible solutions and interruptible load, which can be shut off
in the case of network congestion; see, e.g., for Germany with the “German Energy Act”
(EnWG (2017) §13) and the “Agreements Concerning Interruptible Loads” (AbLaV (2016)).
Studies on future electricity markets should therefore consider both generation and demand
side redispatch. Against this background, we introduce a modeling approach that allows
to consider generation and demand-side redispatch.11

As discussed above, an efficient congestion management regime does ideally not only
ensure welfare maximization in the short run, when generation capacities are fixed. Instead,
it should also give correct investment signals for generation companies in the long run,
where investments in new generation capacities are taken into account; see de Vries and
Hakvoort (2002) or Höffler and Wambach (2013). Considering the short-run economic
equivalence assumption in the literature would suggest that MBR should be prioritized in
the long run. However, our findings on general networks with more than two nodes and
TSOs who are incentivized to minimize redispatch cost show a trade-off between possible
inefficiencies of MBR in the short run and additional welfare-maximizing investment
incentives in the long run (as they are expected under MBR in related literature).

A further source of inefficiency of MBR is analyzed by several studies which focus on
the increase-decrease (inc-dec) game, e.g., Holmberg and Lazarczyk (2015) and Hirth and
Schlecht (2018). In the inc-dec game, the possibility of generators to earn additional profits
at the redispatch market under MBR may give incentives for arbitrage trading between

10In Finland, for example, loads from large-scale industry have long served as reserves that are used
to maintain the energy balance. Already in 2005, the total DR potential in Finnish large-scale industry
was estimated at around 1280 MW, which corresponds to 9 % of Finland’s peak electricity demand; see
Torriti et al. (2010) and Fingrid (2020).

11Note, however, that our modeling approach can easily be adjusted to the case of pure generation
redispatch.
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the day-ahead spot market and the redispatch market. This is even the case under the
assumption of perfect competition. For instance, also a small export-constrained producer
(without market power) would prefer to sell as much power as possible at a high spot
price and to buy it back at a lower redispatch price. Therefore, in general, MBR may
lead to different spot market outcomes as compared to CBR. This, however, may also
provide investment incentives in regions with excess capacity. To separate the effects of
incentive schemes and the inc-dec game on inefficiency under an MBR regime, we will only
use examples in this paper where there is an undistorted spot market solution, i.e., where
competitive generators always truthfully bid their variable cost at the spot market.

2. Structure of our analysis

Let us briefly outline our formal approach and the main findings obtained in our
analysis; for an illustration see Figure 1. Our setup considers an energy-only, day-ahead
spot market where possibly arising network congestion is resolved by subsequent redispatch
measures. Our short-run analysis assumes generation capacities to be exogenously fixed.
Our deterministic setup does not consider unforeseen spontaneous changes of demand and
cost which would additionally require balancing and reserve activities to ensure network
stability in real time. We analyze different regulatory regimes inducing different objectives
of the TSO which either minimizes redispatch cost or maximizes overall welfare when
deciding on redispatch. In this context we compare CBR and MBR. Under CBR producers
are compensated exactly for their cost of production when being redispatched. In case
of MBR, however, compensation can either be granted according to a pay-as-bid rule
or according to a uniform nodal-pricing rule at the redispatch market. For the different
scenarios analyzed see the upper part of Figure 1. After the introduction (Section 1) and
the present section (Section 2), we propose the formal models to quantitatively analyze
the different scenarios. We then directly focus on the case of a two-node network. As
we find, the objective of the TSO does not matter in this case. That is, minimization of
redispatch cost, as typically observed in reality, yields efficient allocations in case of CBR
and for both variants of MBR (see Section 3).

We then consider more general network, demand, and supply structures which allow for
more degrees of freedom for the TSO when making its redispatch decisions. Our analysis
thus gradually increases the complexity of the framework considered to understand more
in detail under which circumstances the minimization of redispatch cost in case of MBR
induces inefficient allocations. In a three-node reference case with inelastic demand and a
simple supply structure minimization of redispatch cost still induces efficient allocations
also in case of MBR (see Section 4). However, for more complex and realistic demand and
supply structures we find that a regulation inducing the TSO to minimize redispatch cost
yields inefficient redispatch decisions in case of MBR, whereas such inefficiencies are never
observed in case of CBR (see Section 5). As a central finding of our analysis, we then
conclude that in real markets policy makers and regulators have to carefully set incentives
of the TSO especially in case of MBR, where incentives to minimize overall redispatch
cost might induce undesirable distortions of redispatch decisions (see Section 6). Section 7
summarizes our main findings and concludes.
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Figure 1. Illustration of the different scenarios analyzed (top) and our
main findings (bottom).

3. Model Description

This section presents the different models used in this paper together with a simple
two-node example.12

3.1. Network. We consider an electricity network consisting of different network nodes
N that are linked by transmission lines L. A transmission line l ∈ L is described by its
transmission capacity f̄l and by its reactance Xl (or equivalently by its susceptance Bl).
Network flows fl are modeled by a lossless direct current (DC) power flow approximation
that accounts for nodal flow balance as well as for loop flows (Kirchhoff’s first and second
laws); see Schweppe et al. (1988). Such DC models are widely used in the energy market
literature; see for instance Bjørndal and Jørnsten (2001), Leuthold et al. (2012), Jenabi
et al. (2013), or Oggioni and Smeers (2013).

3.2. Demand and generation. At each node n ∈ N we assume a linear decreasing
(inverse) demand function pn = an − bndn, where pn is the electricity price at node
n and dn is the corresponding electricity demand. In addition, generation facilities
Gn are located at each node n ∈ N . The different generation facilities g ∈ Gn have
constant variable production cost cg and a given generation capacity ȳg.13 Production of
generator g is denoted by yg. In our framework, we thus focus on the short-run, day-ahead
perspective where generation capacities are assume to be exogenously fixed. We do not
consider capacity payments and capacity markets which have an impact on firms’ long-run
investment choices.

Our formal analysis considers a deterministic framework, where demand and cost are
known by all market participants and no (unforeseen) changes of demand and cost occur. In
line with the literature, our setup focuses on energy-only, day-ahead activities (spot market

12A formal model description is presented in the appendix.
13We note that similar to Grimm et al. (2016b), equivalent availability of production capacity could

easily be integrated into the model.
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trade and redispatch). Our analysis thus abstracts from demand and production shocks
which might still occur until physical delivery and require further balancing activities by
market participants and the TSO.14

3.3. Spot market. We analyze a bilevel problem, where at the first level firms trade day
ahead at a power exchange, while TSOs have to alleviate resulting network congestion
via redispatch at the second level. We assume that all firms are perfectly competitive at
the spot market and the redispatch market (in case of MBR). Perfect competition is a
standard assumption in the literature that keeps our model theoretically tractable; see
for instance Jenabi et al. (2013). Furthermore, we can argue that strategically acting
firms would even exacerbate the welfare reducing effects that we find in our analysis by
exercising market power.15

At the first level, the power exchange clears the market without taking any physical
network characteristics into account. The intersection of aggregate demand and supply
determines the uniform spot market price as well as equilibrium demand and generation
quantities. We use the superscript “spot” to indicate spot market variables, e.g., dspotn

denotes spot market demand at node n.
It is well known that a welfare maximization problem yields identical generation deci-

sions as the profit-maximizing competitive equilibrium under the assumption of perfect
competition; see, e.g., Grimm and Zöttl (2013). In our context, welfare is given by

ωspot :=
∑
n∈N

∫ dspot
n

0
pn(x)dx−

∑
g∈Gn

cgy
spot
g

 . (1)

At the spot market, firms take their generation capacity limits, but not the physical
network restrictions into account. In our framework, the spot market equilibrium is the
solution to the following welfare maximization problem:

max ωspot (2a)
s.t. market clearing condition:∑

n∈N

dspot
n =

∑
n∈N

∑
g∈Gn

yspot
g (2b)

generation capacity limits:
yspot

g ≤ ȳg for all n ∈ N , g ∈ Gn (2c)
non-negativity constraints:
yspot

g ≥ 0 for all n ∈ N , g ∈ Gn (2d)
dspot

n ≥ 0 for all n ∈ N (2e)
Since we consider short-run effects, generation and network capacities are exogenous

in our analysis. Therefore, possible profits of generators at the redispatch market under
MBR do not have an impact on their generation capacity at the first level.

14Also in practice, congestion is typically handled day-ahead in European electricity markets; see de
Vries and Verzijlbergh (2018).

15We note that in the case where firms act strategically additional problems will be observed that are
not the focus of this paper.
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Furthermore, in anticipation of different redispatch results, even under perfect competi-
tion, firms might have an incentive to distort the spot market outcome by not truthfully
bidding their variable cost under MBR. This effect has already been discussed as the inc-dec
game in the literature; see Section 1.1. In contrast, under CBR such distortion never takes
place by construction of the CBR remuneration, where redispatch compensation has to
take place in such a way that nobody is better or worse off than without redispatch; see,
e.g., §13a of the German Energy Act (EnWG (2017)). Therefore, under CBR spot market
outcomes are independent of redispatch at the second level and all generators have an
incentive to truthfully bid their variable cost. We will refer to this spot market solution as
undistorted spot market solution. Throughout the article we focus on the case where both
under CBR and MBR firms indeed stick to the undistorted bidding of their variable cost
and distortions due to the inc-dec game do not occur.

This can be justified as follows: Our central results highlight that for the case of MBR
one has to carefully design incentives of the TSO to conduct redispatch. Most importantly,
we show that for the case of MBR we can obtain inefficiencies if the TSO is incentivized
to minimize redispatch cost. Furthermore, our examples illustrate that these inefficiencies
of MBR already obtain for the case of undistorted spot market outcomes (i.e., when there
is no incentive to play the inc-dec game). In those cases where MBR additionally induces
distortions of spot market outcomes, policy makers have to be even more cautious when
introducing MBR since this also gives rise to another source of inefficiency which is not
explicitly modelled in our analysis but will be present in reality.16

Therefore, we belief that our findings are a relevant contribution to the existing literature
on redispatch regimes and that they are still applicable to most real-world electricity
markets using redispatch as a means of congestion management despite our simplified
modeling approach.

3.4. Redispatch market. As network constraints are not considered at the spot market,
equilibrium demand and generation quantities will in general not result in physically
feasible network flows. Therefore, at the second level, a TSO redispatches spot market
quantities in order to ensure network feasibility. The TSO takes a complete DC power
flow model into account and is incentivized to minimize redispatch cost, as discussed
in Section 1. In the following, we will consider a CBR and an MBR system. Both
mechanisms have in common that generators (and/or consumers) are shut down or called
into production in order to make transmission physically feasible.

Cost-based redispatch. Under a CBR system, the TSO is assumed to know variable
production cost or willingness-to-pay of every market participant. Producers that are
asked to decrease their production have to pay their saved variable production cost cg to
the TSO. Analogously, firms that are called into production receive the additional variable
production cost that occur due to the increase of their current production level. Under
these conditions, CBR is profit neutral and does not affect spot market profits of firms. If
adjustments on the supply side cannot restore network feasibility, at the redispatch market
consumers may additionally be asked to adjust their spot market demand. The foregone
consumer surplus is the basis for redispatch compensations to consumers.

Let us denote the redispatched quantities on the supply and on the demand side by ∆yg

and ∆dn, respectively. We use the superscript “final” to denote quantities that result after
16In Section 5, we discuss informally using our examples that possible inefficiencies under MBR may

even be intensified by the inc-dec game.
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the redispatch of the TSO, i.e., yfinalg = yspotg + ∆yg and dfinaln = dspotn + ∆dn holds. With
this notation, total redispatch cost γCBR of the CBR mechanism is given by

γCBR =
∑
n∈N

∫ dspotn

dfinaln

pn(x)dx+
∑

g∈Gn

cg∆yg

 .

When deciding on a redispatch-cost-minimizing solution, the TSO has to account for all
physical transmission constraints, i.e., Kirchhoff’s first (current) and second (voltage) law
as well as the line capacity limits. Furthermore, the TSO has to consider all generation
capacity limits and the non-negativity constraints for the optimal choice of demand and
generation redispatch quantities ∆yg and ∆dn. The complete mathematical formulation is
given in Appendix A.1.

Note that in case of CBR the TSO is precisely confronted with the cost and savings
resulting from a chosen redispatch adjustment. Minimization of the resulting overall
redispatch cost subject to the physical transmission constraints can thus be shown to be
equivalent to the maximization of overall welfare subject to the physical transmission
constraints, independently of the specific network structure (for a general proof see
Proposition 1 in Grimm et al. (2016b)). As a direct consequence, in case of CBR the TSO
will always implement a welfare maximizing redispatch when choosing a cost minimizing
redispatch. This is not the case for MBR, as we will illustrate in the remainder of this
paper.

Market-based redispatch. Under MBR firms receive redispatch prices which are determined
on a separate redispatch market. Also in this case, we assume that the TSO knows variable
production cost of all producers and keep our assumptions regarding perfectly competitive
behavior of infinitesimally small, price taking firms. In the context of our analysis we
consider two a priori different forms of organizing MBR.

First, following, e.g., Oggioni and Smeers (2010), de Vries and Hakvoort (2002), Dijk and
Willems (2011), or Hirth and Schlecht (2018), we consider the case of nodal-price MBR,
where nodal redispatch prices are determined. In this case, under perfect competition,
similar to the spot market, firms always bid their variable cost of production and consumers
their maximal willingness-to-pay. If the TSO has to conduct redispatch at a node to resolve
network congestion in adjacent transmission lines, the marginal generator being called into
production or being shut down sets the redispatch price pfinal

n , which is used to compensate
all redispatched producers and consumers that are located at this node.17 Therefore, in
contrast to CBR under nodal-price MBR a single redispatch price is determined for all
producers and consumers at a given node.

Second, in most real-world electricity markets with an MBR regime, redispatch compen-
sation is determined via pay-as-bid (or discriminatory) auctions (e.g., for Netherlands see
van Blijswijk and de Vries (2012), for the UK see Konstantinidis and Strbac (2015), and
for the Nordic countries see Holmberg and Lazarczyk (2015)). Under pay-as-bid MBR
the TSO chooses specific redispatch quantities which are to be procured at the different
nodes of the network. Then, generators and consumers submit their redispatch bids and
the best bids are selected as winning bids. Under discriminatory pricing each generator

17In case of demand redispatch, there may also be nodes where only demand is adjusted on the
redispatch market. In this case the willingness-to-pay of the marginal consumer sets the redispatch price
pfinal

n , see the example in Section 5.2.
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is paid its individual offer price rather than a uniform nodal price at the respective
node. Intuitively, in equilibrium inframarginal producers now have no incentive to bid
their variable cost but will bid the price of the highest accepted (marginal) bid at each
node.18 Marginal bidders, however, have an incentive to bid their variable cost as they
will otherwise lose the pay-as-bid redispatch auction. Formally, this has been analyzed in
Holmberg and Lazarczyk (2015) who show that there always exist Nash equilibria such
that the dispatched production is identical to the efficient dispatch under nodal pricing and
that all inframarginal generators offer their production at the same price as the marginal
producer. That is, even though payment rules under nodal-price MBR and pay-as-bid
MBR are different, due to different bidding behavior both induce equivalent allocations
and payments for the market participants in our setup. We will discuss and analyze this
in more detail in Section 3.7.

As in the case of CBR, we assume that the TSO is incentivized to minimizes redispatch
cost γMBR of the MBR system, which is given by

γMBR =
∑
n∈N

−pfinaln ∆dn +
∑

g∈Gn

pfinaln ∆yg

 .

The physical transmission constraints and the generation capacity limits which the TSO
has to account for when deciding on a redispatch cost minimizing dispatch are identical
to those of the CBR regime. In contrast to CBR, under MBR redispatch prices pfinal

n

are endogenously determined at the redispatch market. Therefore, additional equations
are required for the formal price setting mechanism in the mathematical formulation as
introduced in Appendix A.2. For the sake of improved readability, we use a more graphical
approach to explain the redispatch models in Section 3.7.

3.5. First-best benchmark. As a benchmark, we also analyze a first-best model (an
integrated planner approach) that determines welfare maximizing generation and demand
schedules. This benchmark model accounts for all DC power flow restrictions in a single-
level optimization problem which is presented in Appendix B. No redispatch is necessary,
as equilibrium demand and generation quantities are always physically feasible.

3.6. Welfare. To assess the efficiency of our two redispatch mechanisms, we will compare
social welfare ωCBR and ωMBR of the two regimes with welfare ωFB of the first-best
benchmark. Welfare is defined as the difference between gross consumer surplus and
production cost:

ωk =
∑
n∈N

∫ dfinal
n

0
pn(x) dx−

∑
g∈Gn

cgy
final
g

 for all k ∈ {CBR, MBR, FB}. (3)

Superscript k ∈ {CBR, MBR, FB} is used in this welfare function to indicate welfare that
results after CBR and MBR or in the first-best benchmark, respectively. For the cases of
CBR and MBR, welfare is determined by inserting the redispatch-cost-minimizing solution
of the respective redispatch regime. Obviously, a solution after redispatch is efficient, if
the redispatch-cost-minimizing dispatch maximizes welfare, i.e., if welfare after redispatch
is identical with welfare of the first-best benchmark.

18Note that under the pay-as-bid regime bidding above marginal cost thus also obtains for the case
of perfect competition (as considered throughout our setup). This does not require the assumption of
market power or strategic behavior of firms, e.g., competing a la Cournot.
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3.7. Illustration of cost-based redispatch and market-based redispatch. In this
section we illustrate the two redispatch mechanisms in a simple two-node example, where
we refer to the two nodes as the northern node and the the southern node, respectively.
Even though we consciously selected this simple example to describe the mechanisms,
observe that a two-node example will in general not capture all effects that are relevant for
electricity networks of arbitrary size. In particular, in a two-node network, the spot market
production of one network node that is sold to consumers that are located at the other
node completely determines the exchange between the two nodes. As a direct consequence,
redispatch quantities as well as network flows always follow this simple relation. This
ultimately yields identical redispatch outcomes under MBR and CBR. Furthermore, it
implies that MBR can only result in an inefficient outcome for networks with at least
three nodes. Obviously, this emphasizes the necessity to analyze larger networks. Still, a
two-node network seems a good starting point to illustrate the two redispatch mechanisms.
In the following section, we then present a three-node network that we elaborate on in
order to identify possible reasons for inefficiencies under MBR.

We denote the northern and the southern spot market demand by dspotN and dspotS ,
respectively. Aggregating the two linear demand functions yields the aggregate market
demand function as depicted in Figure 2. We further assume two different capacity-
constrained generation technologies located at the northern node that produce at relatively
low variable cost of cN,1 and cN,2. Their spot market production is denoted by yspotN,1
and yspotN,2 , with y

spot
N = yspotN,1 + yspotN,2 .19 The two different capacity-constrained generation

technologies at the southern node are both characterized by comparatively high variable
cost of production. We assume that the following assumption is satisfied:20

cN,1 < cN,2 < cS,1 < cS,2.
In analogy to the northern node, the production of the two southern generation technologies
is denoted by yspotS,1 and yspotS,2 . Their joint spot market production is yspotS . Aggregating
the four generation technologies yields an aggregate market supply function as shown
in Figure 2. The spot market equilibrium is determined as the intersection of aggregate
demand and aggregate supply. The traded spot market electricity amounts to dspot with
a spot market price of pspot. In the spot market equilibrium only the two generation
technologies located at the northern node produce and sell energy. The profit of the
cheapest northern generation technology equals the grey area in Figure 2. A quantity
of dspot − dspotN is sold by the northern-node generators to the consumers located at the
southern node. In this example, capacity of both northern generation technologies is larger
than total electricity demand dspot at a price equal to the variable cost of the marginal
generation technology at the northern node. Therefore, an infinitesimal small generator
of one of the four generation technologies cannot gain additional profits from MBR by
bidding a different price than his variable cost at the spot market. This results in an
undistorted spot market solution for this example.

We now assume that spot market production of the northern node that is sold to the
southern consumers is not physically feasible, i.e., the spot market trade between the two

19Note that for an analysis of the inc-dec game we assume that the owners of generators within each
generation technology are infinitesimal small and can not exercise market power by withholding capacity.

20This situation can for example be observed in the German electricity market, where cheap wind
onshore and offshore as well as lignite generators are mostly located in the northern part, while more
expensive hard coal and gas generators are located in the southern part.
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Figure 2. Two-node network: Spot market equilibrium

nodes exceeds the capacity of the transmission line that interconnects the northern node
and the southern node. Given this infeasibility, we first consider the CBR regime.

First, the TSO decides that northern production of generation technology 2 is reduced
by ∆yN, as shown in Figure 3(a). Generators of this generation technology are then obliged
by the TSO to refund their saved variable cost of production to the TSO. This cost equals
the grey rectangle in Figure 3(a). Analogously, at the southern node, imports (power
produced at the northern node and sold to the southern node) exceed the existing line
capacity; see Figure 3(b). To decrease local imports, in a first step the TSO decides to
decrease consumption at the southern node by ∆dS. The grey area under the demand
function measures the corresponding redispatch payments offered by the TSO to consumers
in the south, who are compensated exactly by their willingness-to-pay. In a second step,
the two southern generation technologies are called into production by the TSO. The
grey area under the supply function in Figure 3(b) measures the resulting redispatch
payments offered by the TSO to these two generation technologies that are based on the
respective variable cost of production. Obviously, expenses of the TSO in the south exceed
its revenues in the north. This directly results in positive net redispatch cost. As already
discussed above, CBR does neither change consumer nor producer rents as compared to
the spot market equilibrium and does therefore not yield any investment incentives for
generation expansion in the long run.

We now consider the MBR regime. Observe that in addition to using aggregate market
demand and supply functions as in Figure 2, the spot market equilibrium can equivalently
be determined at each node as the intersection of the (native) supply function and a version
of the (native) demand function that is shifted on the quantity axis by the spot market
equilibrium exchange of the respective node. We refer to this shifted demand function as
the native demand for production function at the spot market. In Figure 4 these shifts of
the demand functions are indicated by arrow number 1. The described intersection points
of the native supply functions and the native demand for production functions (dashed
lines) yield the spot market price pspot. As local exports exceed physical transmission
capacity, the shifts of the native demand for production functions are not feasible given the
network restrictions. Therefore, at the redispatch market the spot market shifts (arrows
1) must be adjusted in a way that restores transmission feasibility, while minimizing the
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Figure 3. Two-node network: CBR

resulting redispatch cost; see the arrows number 2 in Figure 4. We call this third demand
function the adjusted demand function at the redispatch market (dashed-dotted line).

Also in case of MBR, the TSO decides to reduce export of the northern node by ∆yN;
see Figure 4(a). In case of nodal-price MBR, all market participants at the northern node
will truthfully bid their variable production cost or willingness-to-pay. The corresponding
nodal redispatch price then results in pfinal

N = cN,2 and redispatch payments to the TSO are
given by the grey area.21 In case of pay-as-bid MBR, the TSO conducts an auction calling
for the highest bids to induce an overall reduction of exports from the northern node by
∆yN. For any accepted bid strictly below their production cost cN ,2 active producers in
the north would make positive profits (since they get rid of their obligation to produce).
Since total quantity offered exceeds demand ∆yN in equilibrium all active firms with cost
cN ,2 submit redispatch bids close to cN ,2. That is, also for pay-as-bid MBR the redispatch
price at the northern node equals to pfinal

N = cN ,2. At the southern node the TSO has to
decrease imports by the same amount, i.e., by yN. In case of nodal-price MBR, all market
participants at the southern node will truthfully bid their variable production cost or
willingness-to-pay. The corresponding nodal redispatch price then results in pfinal

S = cS,2
with an increase in southern production by ∆yS and a decrease of southern demand by
∆dS. Redispatch payments to producers and consumers are given by the areas of the two
grey polygons. In case of pay-as-bid MBR, the TSO conducts an auction calling for the
best bids to induce an overall reduction of imports to the southern node by ∆yN. Also in
case of pay-as-bid MBR, in equilibrium the redispatch price at the southern node equals
pfinal
S = cS,2. Observe that under MBR the cheaper generation technology at the southern
node makes positive profits at the redispatch market, which are given by the vertically
striped rectangle. These additional rents may provide long-run investment incentives in
import regions, which is commonly seen as an advantage of the MBR system as compared
to CBR. Moreover, consumers in the south are overcompensated for the foregone rents by
the TSO, since all consumers receive the local redispatch price pfinal

S . The net benefits from
21In analogy to the spot market price, nodal redispatch prices are given by the intersection of native

supply function and adjusted demand function.
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being curtailed through redispatch are highlighted by the horizontally striped triangle.
Therefore, even though CBR and MBR imply in our example a first-best allocation that
maximizes welfare, the two redispatch mechanisms differ in the distribution of consumer
and producer rents. For the TSO this implies an increase of total redispatch cost as
compared to CBR; see the two striped areas in Figure 4(b).

Concluding, our example shows that the strongly simplified network structure of two-
node networks results in the same redispatch quantities both under CBR and MBR, as in
both cases redispatch cost is minimized by shifting the adjusted demand function exactly
by the line capacity between the two nodes on the quantity axis. Both under CBR and
MBR the redispatch cost minimizing solution also maximizes welfare (after redispatch)
and is thus efficient in the short run. The only difference between the two regimes in
a two-node network is that under MBR some generators (and consumers) may receive
additional rents, which induces locational price signals for generation expansion in the
long run. Differences in the redispatch quantities between CBR and MBR can only occur
in networks with more than two nodes, since only in these cases welfare-maximizing shifts
of the adjusted demand function may diverge from redispatch-cost-minimizing shifts. The
reason is that due to the more complex network structure physical flows between two
nodes are no longer only determined by the traded electricity between both nodes.
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Figure 4. Two-node network: MBR. Native demand for production func-
tions (dashed) and adjusted demand functions (dashed-dotted).

4. Three-Node Network: Reference Case, where both Redispatch Systems
are Efficient

This section presents the reference three-node network on which we build our main
analysis. For networks with at least three nodes, the TSO has more degrees of freedom of
how to choose a feasible redispatch. As it turns out in our example, misspecified incentives
for the TSO can lead to a welfare loss in case of MBR. To identify the forces on the
demand side and on the supply side that drive these inefficiencies, in a first step we assume
that (i) demand is completely inelastic at the redispatch market and that (ii) there is only
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a single generation technology with infinite production capacity at each node. This setting
will serve as our reference case. Under these two assumptions outcomes under CBR and
MBR are again identical. In particular, CBR and MBR both yield an efficient allocation
even if the TSO is incentivized to minimize redispatch cost. The efficiency of the two
mechanisms can be seen, as the MBR price that producers have to pay is either equal
to zero or equal to the variable cost of the respective generation technology. Obviously,
the same is true for the compensation payments under CBR. In addition, by assumption
consumers cannot be redispatched. Based on our reference example, in a second step we
successively relax the two assumptions to identify the driving forces behind inefficiencies
that might occur on a three-node (or multiple-node) network.

1

Demand: p1 = 6− 2d1
Generation: c1 = 4e/MWh, ȳ1 =∞

2

Demand: p2 = 9− 2d2
Generation: c2 = 1e/MWh, ȳ2 =∞

3

Demand: p3 = 8.5− 2d3
Generation: c3 = 6e/MWh, ȳ3 =∞

X
1

=
1Ω

f̄ 1
=

1M
W

h

X2 = 1 Ω
f̄2 = 1 MW h

X
3 =

1Ω

f̄
3 =

2M
W

h

Figure 5. Reference three-node network

Consider a complete graph on three nodes. At each node there is a single generation
technology with infinite production capacity ȳ = ∞ and variable cost of production as
specified in Figure 5. Observe that node 2 is characterized by a relatively low cost level. At
every node we further assume a linear demand curve pn at the spot market. In particular,
the three demand functions are p1 = 6 − 2d1, p2 = 9 − 2d2, and p3 = 8.5 − 2d3. We
assume that at the redispatch market demand is inelastic and cannot be redispatched.
The spot market equilibrium is determined as the intersection of aggregate demand and
the minimum variable cost of production since all generators have infinite capacities and
network constraints are not accounted for at the spot market. Again, similar to the
discussion on the two-node example in Section 3.7, the entire spot market production
is sold at the cheapest node taking into account that capacity at this node is unlimited.
Therefore, under an MBR system there are no incentives to play the inc-dec game and we
end up with an undistorted spot market solution. The equilibrium spot market demand
determines at each node the demand level that must be met at the redispatch market.
Line characteristics of our three-node network are shown in Figure 5. Observe that the
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limited line capacities directly imply a congested transmission network given the described
demand functions.

At the spot market, only the cheapest generation technology located at node 2 is
successful; see also Table 2(a). Its variable cost of production of 1e/MWh determines the
spot market price, which in turn determines spot market demand of 2.5 MW h, 4 MW h,
and 3.75 MW h at the three nodes, respectively. Given the line capacities of 1 MW h of
line (2, 1) and line (2, 3), the TSO has to increase production at node 1 and node 3 to
satisfy their local demand defined by the spot market solution; see Figure 6. The TSO can
easily anticipate that redispatch prices at each node both in case of nodal-price MBR and
pay-as-bid MBR are given by variable production cost for any redispatch quantities chosen.
Minimization of redispatch cost under CBR and both MBR regimes thus yields identical
solutions. Final production at node 1 equals 1.5 MW h, while final production at node 3 is
given by 2.75 MW h. Generation at node 2 is reduced to 6 MW h. This implies feasible
flows of 1 MW h on line (2, 1) and on line (2, 3), respectively. Observe that the first-best
solution implies the same allocation. Therefore, the redispatch solution is efficient for both
redispatch regimes. Furthermore, redispatch cost and hence consumer and producer rents
do not differ in this reference three-node network between CBR and MBR.

We summarize our findings in the following result:

Result 1. Assume that (i) demand is completely inelastic at the redispatch market and
that (ii) there is a single generation technology with infinite production capacity at each
network node. Then, if the TSO is incentivized to minimize redispatch cost, CBR and
MBR both yield an efficient allocation.

We will see later (Result 2) that, in case of MBR, redispatch cost can potentially be
reduced by distorting redispatch quantities away from welfare maximizing levels. In case
of negative adjustment at a node (i.e., reduced supply or increased demand), the TSO
potentially wants to distort adjustments in a way to increase the market price of MBR at
this node, acting similar to a monopolist. Likewise, in case of positive adjustment, the
TSO potentially wants to distort adjustments to reduce the market price of MBR at this
node, acting similar to a monopsonist. The present case thus represents a benchmark,
where resulting redispatch prices under MBR cannot be strategically distorted by the
TSO, since demand at the redispatch market does not react and supply is perfectly elastic
and thus market prices under MBR do not react to changed redispatch quantities.
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Figure 6. Redispatch equilibrium of the reference three-node network.
Native demand for production functions (dashed) and adjusted demand
functions (dashed-dotted).



18 V. GRIMM, A. MARTIN, C. SÖLCH, M. WEIBELZAHL, G. ZÖTTL

In the following section, we discuss two cases in which MBR results in welfare losses in
case of redispatch cost minimization by the TSO. First, we show how this effect can be
driven by the supply side: We add an additional generation technology at node 3 with
limited capacity and variable cost of production below the cost of generation technology 3,
which is located at the same node and has infinite capacity. In the second case, the effect
is driven by the demand side. This is done by allowing for elastic demand functions at the
redispatch market which in our case have the same elasticity as those of the spot market.
All three scenarios are summarized in Table 1.

Table 1. Characteristics of considered scenarios

Reference case Supply-driven ineff. Demand-driven ineff.
(Section 4) (Section 5.1) (Section 5.2)

Demand no no yes
redispatch (dfinal

n = dspot
n ) (dfinal

n = dspot
n ) (same elasticity as

on spot market)
Generation three generation additional 4th generation three generation

technologies with technology at node 3 technologies with
infinite capacity (ȳ4 = 2.5MW h, infinite capacity
(see Figure 5) c4 = 2e/MWh) (see Figure 5)

5. Generalized Cases, where Market-Based Redispatch may Result in an
Inefficient Outcome

As in networks with more than two nodes the redispatch problems become too complex
for a pure analytical analysis, we implemented our two redispatch models in GAMS and used
GUROBI and SCIP (see Achterberg (2009)) to solve the resulting problems to optimality.22

5.1. Supply-side driven inefficiencies. We consider the reference three-node network
and add a new generation technology at node 3 with variable cost of 2 e/MWh and
generation capacity of 2.5 MW h. Observe that this generation technology is the cheapest
technology at node 3.

The introduction of the new generation technology does not affect spot market out-
comes.23 Similar to the reference case, the spot market outcome is not technically feasible
as physical transmission constraints would be violated. Therefore, again the TSO has to
redispatch the generators. To determine the cost-minimizing redispatch quantities chosen
by the TSO we have to apply backwards induction and first pin down redispatch cost
resulting for all different redispatch quantities potentially procured at the different nodes.
In the following, we focus on node 3 since this node mainly drives our results. In case of

22The CBR model is a Quadratically Constrained Programming (QCP) problem and is solved with
Gurobi. In contrast, the MBR model is a Mixed Integer Non-Linear Programming (MINLP) problem and
is solved with SCIP. For each of the three-node network examples considered (reference case, supply-driven
inefficiency, and demand-driven inefficiency) a GAMS file with all relevant models (spot market, redispatch
(CBR) under welfare maximization, and redispatch (CBR and MBR) under redispatch cost minimization)
can be found in the online supplement.

23Furthermore, the addition of a further generation technology does not change the fact that in this
example there are no incentives to play the inc-dec game, see discussion at the end of this section.
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CBR, redispatch cost for different redispatch quantities are given by incurred production
cost. In case of nodal-price MBR, the redispatch price resulting at node 3 depends on
the redispatch quantity called by the TSO. Since perfectly competitive firms under nodal
pricing truthfully reveal their variable production cost, we obtain: For quantities procured
above 2.5 MW h the redispatch price is given by 6e/MWh, while for quantities procured
below 2.5 MW h it is given by 2e/MWh. In case of pay-as-bid MBR we obtain similar
redispatch prices in equilibrium: If at node 3 the TSO procures a redispatch quantity
above 2.5 MW h, all submitted bids at node 3 will be equal to 6e/MWh. If the TSO
at node 3 procures a redispatch quantity strictly below 2.5 MW h, then equilibrium bids
are equal to 2e/MWh. Note that for obtaining this result it is crucial that indeed a
quantity strictly below 2.5 MW h is procured such that some firms with c3 = 2e/MWh
will not win the pay-as-bid auction. Only in this case all firms with c3 = 2e/MWh have an
incentive to submit bids close to their variable production cost. Since we assume perfectly
competitive, infinitesimally small firms, however, the above result holds for any redispatch
quantity procured at node 3 that is strictly lower than 2.5 MW h.24 Table 2(a) shows final
generation after redispatch by the TSO for both redispatch systems. Obviously, while
under CBR all four generation technologies produce positive quantities after redispatch
in order to ensure network feasibility, in the case of MBR the most expensive generation
technology at node 3 is not called into operation at the redispatch market. The reason, why
under MBR this generation technology is not involved in the redispatch, is the high MBR
price that would prevail at node 3 in case generators of this technology would be called;
see Figure 7(a): If the TSO chose a MBR allocation identical to the one under CBR, the
redispatch price at node 3 will be determined by the variable cost of the more expensive
generation technology at node 3. This high redispatch price of 6 e/MWh will have to be
paid to all redispatched generators located at node 3. Compared to the CBR case, where
all generators are only compensated according to their variable cost of production, the
high MBR price at node 3 would yield comparatively high redispatch cost. To minimize
redispatch cost under MBR, the TSO has an incentive to procure a redispatch quantity
strictly below 2.5 MW h avoiding the expensive generation technology at node 3 by instead
raising production of the generation technology located at node 1. Note that this would
be the more expensive choice under CBR. The differences between the two redispatch
systems with respect to redispatch cost and welfare are summarized in Table 2(b). The
table shows that welfare under MBR is lower than welfare under CBR (which coincides
with the welfare optimum of the first-best benchmark). Thus, welfare could be improved
by choosing the CBR allocation under MBR. However, this would imply higher redispatch
cost for the TSO.

5.2. Demand-side driven inefficiencies. Now consider the situation where in the
reference three-node network demand at the redispatch market is elastic similar to the
spot market. In particular, we consider the same three demand functions at the redispatch
market as at the spot market.

Table 2(a) shows the differences between redispatch outcomes under CBR and MBR.
Under both regimes, CBR and MBR, consumption at node 1 and node 3 is lower as

24If we have a marginal production technology at one node whose production is exactly the same as
its capacity, we are actually talking about the production quantity minus an infinitesimal small ε, and
elsewhere the production should be increased by that ε. For the sake of simplicity, however, we will omit
the ε in the following.
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Figure 7. Redispatch cost at node 3: Supply-side driven inefficiencies.
Native demand for production functions (dashed) and adjusted demand
functions (dashed-dotted).

compared to the reference case, where demand cannot be used for redispatch. To understand
the reason, note that (i) transmission capacities of lines (2,1) and (2,3) are limited to
1 MW h each, and that (ii) variable production cost at nodes 1 and 3 are comparatively
high. Thus, under CBR the redispatch-cost-minimizing TSO has an incentive to reduce
consumption at nodes 1 and 3 to 1 MW h and 1.25 MW h, respectively, which are the
maximal quantities that can be served given existing transmission capacities. In line with
this reduction of consumption, under CBR production of the generation technology at
node 2 is reduced to 6 MW h. 1 MW h of the production at node 2 is transferred to node 1
and node 3, respectively. This completely satisfies the demand of 1 MW h at node 1 after
CBR. To satisfy the demand of 1.25 MW h at node 3, the local generation technology is
called into operation and produces additional 0.25 MW h.

Analogously to the previously discussed cases, redispatch cost and allocations coincide
for nodal-price MBR and pay-as-bid MBR. Thus, if the TSO wanted to reduce consumption
at node 3 under MBR by the same amount as under CBR, consumers would have to
be compensated based on a nodal redispatch price of 6 e/MWh; see Figure 8(a). This
redispatch price would be determined by the intersection of the relatively high variable
production cost of 6 e/MWh at node 3 with the demand function. Therefore, under
MBR the TSO only reduces consumption at node 3 to 2.25 MW h and avoids calling the
generation technology at node 3 into operation at the redispatch market. Instead, demand
at node 3 is satisfied by production at node 1 and node 2. Observe that in order to
ensure feasible network flows, production at node 2 must be decreased as compared to the
optimal CBR allocation. As can be seen in Table 2(b), again MBR results in an inefficient
outcome.

Note that in this case no generator can make additional profits at the redispatch market.
Therefore, there is no incentive for an infinitesimally small generator to offer above its
variable cost since a generator of the same technology will then be used instead that
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bids its variable cost (the capacities of all generation technologies are unlimited here).
Furthermore, marginal consumers, who set the redispatch price at their respective node,
have no incentive to bid above their willingness-to-pay to increase their compensation since
they would then no longer be used for redispatch (because of the linear decreasing demand
functions). Therefore, in both adjustments of the reference three-node example discussed
in this section the undistorted spot market solution indeed is part of the considered overall
market solution under MBR as generators and consumers have no incentive to deviate
from the undistorted sport market solution.

(a) CBR solution

quantity

price

1 2 3 4 5 6

1
2
3
4
5
6
7

demand

0

supply

MBR compensation

CBR compensation

(b) MBR solution

quantity

price

1 2 3 4 5 6

1
2
3
4
5
6
7

demand

0

supply

MBR compensation

CBR compensation

Figure 8. Redispatch cost at node 3: Demand-side driven inefficiencies.
Native demand for production functions (dashed) and adjusted demand
functions (dashed-dotted).

Let us summarize our findings in the following result:

Result 2. If the TSO is incentivized to minimize redispatch cost, the resulting dispatch
under CBR is always efficient, while under MBR it may not be efficient. The inefficiencies
in case of MBR can either be driven by the supply side or by the demand side.
In our test cases we obtain a reduction of welfare from 28.06 to 27.81 for supply-driven
inefficiencies and a reduction of welfare from 26.56 to 24.31 for demand-driven inefficien-
cies.

That is, under MBR the TSO can potentially reduce redispatch cost by distorting
adjustment quantities away from welfare maximizing levels. In case of positive adjustment
quantities at a node (i.e., increased supply or reduced demand), the TSO in principle has
an incentive to reduce the amount of adjustment below efficient levels in order to reduce
the redispatch price of MBR at this node, acting similar to a monopsonist. This is exactly
what we observe in Section 5.1 with respect to a distorted adjustment of production
quantities at node 3 to reduce overall redispatch cost (compare Figure 7). Likewise, in case
of negative adjustment quantities (i.e., reduced supply or increased demand), the TSO in
principle has an incentive to distort the adjustment in a way to increase the redispatch
price of MBR at this node, acting similar to a monopolist. This is exactly what we observe
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Table 2. Results of the three-node network

(a) Demand and generation of the respective redispatch-cost-minimizing allocation (in MW h)

Spot Reference case Supply-driven ineff. Demand-driven ineff.
market CBR = MBR CBR MBR CBR MBR

Demand d1 2.5 2.5 2.5 2.5 1 1
d2 4 4 4 4 4 4
d3 3.75 3.75 3.75 3.75 1.25 2.25

Generation y1 0 1.5 1.5 2 0 2.5
y2 10.25 6 6 5.75 6 4.75
y3 0 2.75 0.25 0 0.25 0
y4 — — 2.5 2.5 — —

(b) Welfare and redispatch cost of the respective redispatch-cost-minimizing allocation (in e)

Spot Reference case Supply-driven ineff. Demand-driven ineff.
market CBR = MBR CBR MBR CBR MBR

Welfare 36.31 18.06 28.06 27.81 26.56 24.31

Redispatch cost under
- CBR compensation – 18.25 8.25 – 9.75 –
- MBR compensation – 18.25 18.25 8.5 18.25 16.5

in Section 5.2 with respect to a distorted demand adjustment at node 3 in case of MBR
(compare Figure 8).

Moreover, note that in our examples there is no incentive for playing the inc-dec game.
Still, we already identify inefficiencies of MBR in case of redispatch-cost-minimizing TSOs.
Obviously, the identified inefficiencies may even increase in systems where playing the
inc-dec game is profitable. In these cases, there is an incentive to sell even more production
at the spot market in export constrained zones and less in import constrained zones; see,
e.g., the example in Holmberg and Lazarczyk (2015). This would increase the quantities
that have to be redispatched in contrast to a situation without the inc-dec game. This
gives the TSO more degrees of freedom to minimize his redispatch cost and possibly also
to choose an inefficient allocation.

In contrast to the scenarios analyzed in this paper, real-world redispatch markets are often
characterized by a generation-only redispatch system. Once the spot market equilibrium
consumption is determined, this quantity cannot be adjusted through redispatch anymore
in these markets; see for instance Oggioni and Smeers (2013) or Holmberg and Lazarczyk
(2015). However, a rising interest in flexible solutions and sheddable load may change
the situation in the upcoming years. As a result, regulators may allow for an increasing
availability of demand-side redispatch under both CBR and MBR. In direct consequence
it is important to analyze the effects of demand-side redispatch.

On the one hand side, allowing for demand-side redispatch increases the set of possible
adjustments for the TSO to resolve network congestion. The TSO can now adjust demand
if the corresponding compensation is cheaper than the compensation for shutting down
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a generator or calling it into production. Thus, allowing for demand-side redispatch
in general decreases redispatch cost. In most cases, it should therefore also result in
an increased welfare. However, from Result 2 we already know that a redispatch-cost-
minimizing dispatch under MBR may result in an inefficient outcome if demand can be
redispatched. Welfare is then lower than in the case where the TSO explicitly maximizes
welfare. This is not true in the reference case where demand is inelastic on the redispatch
market and both welfare maximization and redispatch cost minimization yield the same
outcome. This shows that as a direct consequence of Result 2, under MBR welfare may
decrease with an increasing degree of demand-side redispatch.

For energy policy these findings imply that an introduction of demand flexibility at the
redispatch market may in general be seen as a reasonable policy measure. As discussed
before, increasing the degree of demand-side redispatch under CBR generally implies
increasing welfare and decreasing redispatch cost. However, under MBR a detailed ex-ante
analysis should evaluate whether a higher degree of redispatchable demand will have
negative welfare effects. Therefore, we provide an adjustment of our model in Appendix C
that allows to analyze the impact of an increasing availability of demand-side redispatch
for both redispatch regimes.25

In particular, our result implies that when switching from a CBR to a MBR system,
the chosen market design has to ensure that TSOs do not have an incentive to choose
inefficient allocations in the short run. In the following section, we discuss a potential
TSO regulation which circumvents such negative MBR effects and results in the same
efficient redispatch allocation as CBR.

6. Policy Implications regarding TSO Regulation

As the above examples demonstrate, MBR may result in an inefficient dispatch. There-
fore, we consider the question of how to regulate the TSO under MBR in order to ensure
short-run welfare-maximizing outcomes.

Up to now, this paper focused on the situation where the TSO is incentivized to minimize
redispatch cost. If in this case an MBR regime is to be implemented, the findings of this
paper suggest that it may induce distorted redispatch decisions of the TSO. The regulatory
framework should therefore not incentivize TSOs to minimize redispatch cost, but to
directly choose a welfare-maximizing redispatch (i.e., the redispatch that would result
under CBR). In consequence, under MBR the regulatory framework should encourage
the TSO to choose a welfare-maximizing redispatch even though this may be associated
with larger redispatch cost.26 Clearly, from the regulator perspective it seems to be much
more challenging to properly induce overall welfare-maximizing behavior than simply the
minimization of redispatch cost.

To illustrate a possible advantage of such MBR regulation as compared to a classical
CBR system, consider the supply-side driven example in Figure 7. In case of redispatch
cost minimization by the TSO, neither under a CBR nor under an MBR mechanism any of

25In contrast to the considered scenarios in this paper, it is also possible to consider a certain share of
the spot market demand to be available for redispatch, i.e., a share β ∈ [0, 1], where β = 0 corresponds to
the reference case without demand redispatch in Section 4 and β = 1 to the demand-side driven inefficiency
scenario in this section.

26This is, e.g., the case in Holmberg and Lazarczyk (2015), where TSOs choose redispatch quantities
that minimize production cost that are stated by producers (i.e., maximize stated welfare) instead of
redispatch cost of the TSOs.
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the generation technologies makes a positive profit that would yield long-run incentives for
new generation investment. However, under the proposed MBR regulation, the cheapest
generation technology located at node 3 would make a positive profit equal to the white
part of the dotted area in Figure 7(a). Anticipation of these profits would motivate firms
to invest in capacities at the corresponding network node. However, as Table 2(b) shows,
implementing an efficient dispatch with an MBR compensation may imply a substantial
increase of redispatch cost and thus of consumers’ network fees. This leads to a transfer of
rents from consumers to producers in the short run.

That is, on the one hand switching from a CBR to a MBR system may have a positive
impact on locational investment incentives in the long run. On the other hand, there
may also be disadvantages that come along with MBR. A separate redispatch market
has to be implemented which is more costly and requires a higher organizational effort
together with stricter regulation than CBR. Furthermore, MBR may provide an additional
incentive for firms to act strategically. As shown, e.g., in Holmberg and Lazarczyk (2015)
or Hirth and Schlecht (2018), under MBR there is an incentive to play the inc-dec game,
which may lead to investment in export constraint areas in the long run and hence is
not welfare efficient.27 In addition to the inc-dec game under perfect competition, in
non-competitive (oligopolistic) markets, firms can realize additional profits by withholding
capacity at the spot market and offering it at the redispatch market at a price above
the spot market price. Therefore, it is important to define redispatch zones in an MBR
system that are large enough to guarantee a certain competition level. However, if a
market is non-competitive, new entry in the export constraint areas induced by MBR
due to the inc-dec game will in general improve the competitiveness of the market, and
thus will increase social welfare. When the Dutch Ministry of Economic Affairs proposed
the introduction of an MBR system, it argued that this leads to a positive competitive
effect of new entry that would outweigh the potential negative inefficiency effects (strategic
behavior and distorted long-run signals); see Dijk and Willems (2011).28

Therefore, it is important to conduct further analyses on this topic and gain more
insights. Long-run models are required to evaluate whether the additional locational
investment incentives induced by MBR have a positive effect on network congestion and
network expansion and if this effect compensates the possible short-run inefficiencies
discussed in this paper. More detailed case studies with data of real-world electricity
markets should be conducted to analyze whether these markets are prone to strategic
behavior or overinvestment in export constraint areas before switching to an MBR regime.

7. Conclusion

In this paper we analyzed a uniform pricing spot market that is followed by redispatch
in the case of physically infeasible network flows. We assumed that the transmission
system operator (TSO) is incentivized by the regulatory framework to minimize redispatch
cost. Under this paradigm, we compared a cost-based redispatch (CBR) to market-based
redispatch (MBR) mechanisms. Our results show that for networks with at least three
nodes, the redispatch-cost-minimizing allocation does not necessarily maximize welfare

27Under CBR the inc-dec game would not be possible, as every redispatched generator is compensated
according to its variable cost and therefore has no incentive to bid prices lower or higher than that.

28In their analysis the authors study the question whether this competitive entry effect makes MBR
more efficient than nodal pricing. They show for a stylized electricity market model that nodal pricing
has a larger pro-competitive effect and is better from a social viewpoint.
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in the case of MBR. The underlying effects that allow the TSO to decrease redispatch
cost under MBR at the expense of welfare may purely be driven by the supply side or the
demand side. In contrast to MBR, redispatch cost minimization always implies welfare
maximization under CBR. In addition, we find that in direct consequence of these findings
welfare under an MBR regime may decrease with an increasing availability of demand-side
redispatch.

If an MBR regime is (planned to be) implemented in an electricity market, policymakers
should be aware that beyond the proper design of bidding and compensation rules at
the redispatch market itself also a careful design of the incentives of the TSO is highly
important. In particular, in case of CBR, incentives of the TSO to choose redispatch
such as to minimize overall redispatch cost indeed induce efficient market outcomes in
the context of our short-run analysis. In case of an MBR regime, however, incentives
of the TSO to minimize overall redispatch cost may induce inefficient market outcomes.
Next to several important aspects already discussed in the literature, this additional and
novel aspect should be carefully taken into account when considering the design and the
desirability of different congestion management regimes.
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Appendix

A. Cost-Based and Market-Based Redispatch Electricity Market Models

Our electricity market model constitutes a two-level problem with a competitive spot market at
the first level and a redispatch market at the second level. At the redispatch market a TSO decides
on a redispatch cost minimizing reallocation of spot market outcomes, whenever the traded spot
market quantities at the first level yield infeasible network flows. In this section, we introduce the
models for both a CBR and a MBR regime in detail. The first level spot market model is given in
Section 2.3. Main sets, parameters, and variables are summarized in Tables D.1 and D.2.

A.1. Cost-Based Redispatch. Under CBR variable cost of production build the basis for redis-
patch payments on the production side. To restore network feasibility, producers that contribute
to the overflow of network lines are asked to shut down their production, while other firms that
relieve the current congestion problem are asked to step in. As plants that are shut down save their
variable cost of production, their profit neutral redispatch payments equal these saved variable cost.
Analogously, firms that are asked to step in are paid their variable cost of production, which ensures
that these firms do not make a loss. Observe that the variable cost of the firms that are asked to
increase their production must necessarily be higher than the variable cost of the generators that
are shut down, as these firms have not been successful at the spot market.

In case of demand redispatch, consumers that are involved in the redispatch are compensated
according to their respective willingness to pay, i.e., according to the area between spot market
demand and final demand under the demand function pn(dn).

For a given spot market solution, these ex-ante known producer and consumer redispatch
payments allow to formulate the redispatch level as a convex optimization problem with a quadratic
objective function and linear constraints. Observe that all variables that are used are continuous.

Let us introduce the variables ∆dn and ∆yg that measure the demand and generation adjustments
at the redispatch market, respectively. Final demand dfinal

n and final generation yfinal
g can be expressed

as the sum of spot market and redispatch variables:
dfinal
n = dspot

n + ∆dn for all n ∈ N , (A.1a)
yfinal
g = yspot

g + ∆yg for all n ∈ N , g ∈ Gn. (A.1b)
We can define redispatch cost as

γCBR :=
∑
n∈N

∆dn
(
bn
2 ∆dn + bnd

spot
n − an

)
︸ ︷︷ ︸

demand redispatch payments

+

supply redispatch payments︷ ︸︸ ︷∑
g∈Gn

cg∆yg

 , (A.2)

where the first part of the redispatch costs corresponds to the redispatch adjustments on the
electricity demand side and the second part corresponds to the redispatch adjustments on the
electricity supply side. When deciding on a redispatch-cost-minimizing solution, the TSO has to
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account for all physical transmission constraints (Kirchhoff’s first and second law as well as line
capacity limits) and for all generation capacity limits.

The physical transmission constraints are modeled according to a lossless direct current (DC)
power flow approximation; see Schweppe et al. (1988). To do so, we use the standard δ-notation for
the set of in- and outgoing lines of a node set Ñ ⊆ N . By δin

Ñ
(L) we denote the line subset that

goes in node set Ñ . Analogously, δout
Ñ

(L) describes the lines that go out of the set Ñ :

δin
Ñ

(L) := {l ∈ L : l = (n,m) with m ∈ Ñ},
δout
Ñ

(L) := {l ∈ L : l = (n,m) with n ∈ Ñ}.
Kirchhoff’s first law ensures flow conservation at every network node n ∈ N . Flow conservation

implies that total power flow out of a given node n ∈ N must equal the sum of its ingoing power
flows, taking both power production and consumption of this node into account:1

dfinal
n =

∑
g∈Gn

yfinal
g +

∑
l∈δin

n (L)

fl −
∑

l∈δout
n (L)

fl for all n ∈ N . (A.3)

Kirchhoff’s second law determines how power flows are divided on the different lines in case of
loop flows. The flow on line l ∈ L is determined by the difference of the voltage angles θn at the
start and end node of this line, multiplied with its susceptance Bl:2

fl = Bl(θn − θm) for all l = (n,m) ∈ L. (A.4)
To ensure a unique solution for the voltage angles in the network, we define a reference node

n1 ∈ N and set its voltage angle to zero:
θn1 = 0. (A.5)

For all lines l ∈ L, the TSO ensures that electricity flows do not exceed their respective thermal
line capacity f̄l:

− f̄l ≤ fl ≤ f̄l for all l ∈ L. (A.6)
Analogously, the TSO has to account for the generation capacity ȳg when deciding on generation

redispatch:
yfinal
g ≤ ȳg for all n ∈ N , g ∈ Gn. (A.7)

Finally, constraints (A.8a) and (A.8b) ensure that electricity demand and generation are non-
negative:

yfinal
g ≥ 0 for all n ∈ N , g ∈ Gn, (A.8a)
dfinal
n ≥ 0 for all n ∈ N . (A.8b)

The CBR redispatch cost minimization problem can be expressed as:
min γCBR (A.9a)
s.t. Kirchhoff’s first and second law: (A.3), (A.4), (A.9b)

voltage phase angle at reference node: (A.5), (A.9c)
transmission flow limits: (A.6), (A.9d)
generation capacity limits: (A.7), (A.9e)
spot market and redispatch quantities: (A.1), (A.9f)
variable restrictions: (A.8). (A.9g)

1Observe that by summing up Kirchhoff’s first law for all n ∈ N , we arrive at the market clearing condition,
where total electricity demand is met by total electricity supply, i.e.,

∑
n∈N dfinal

n =
∑

n∈N

∑
g∈Gn

yfinal
g .

2These equations can be omitted in networks without loop flows. This is a main reason, why considering simplified
two-node networks for the analysis of certain mechanisms in electricity markets does not account for more general
settings.
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A.2. Market-Based Redispatch. In contrast to CBR, under MBR node specific redispatch prices
are endogenously determined at a separate redispatch market. As discussed in Section 2.4, we
assume perfect competition at the redispatch market. This implies that similar to the spot market
firms always bid their marginal cost of production and consumers their maximal willingness to
pay. If the TSO has to conduct redispatch at a node to resolve network congestion in adjacent
transmission lines, the marginal generator being called into production or being shut down sets
the redispatch price. This price is used to compensate all redispatched producers and consumers
that are located at the corresponding node. In case of demand redispatch, there may also be nodes
where only demand is adjusted on the redispatch market. In this case the willingness to pay of the
marginal consumer sets the redispatch price. Given the competitive supply and demand curves, the
TSO redispatches generators and consumers such that redispatch cost are minimized. To calculate
redispatch cost in the MBR model, it is necessary to determine the node specific redispatch prices
endogenously. For this purpose, we use a formal price setting mechanism which is presented together
with the MBR model in this section.3

As mentioned before, the redispatch prices pfinal
n are set by the marginal generators being called

into production or being shut down at each node. To account for this interconnection between local
redispatch prices and local production, we explicitly model the supply curve at each node n ∈ N
based on a version of the incremental or delta method; see for instance Markowitz and Manne
(1957) or Padberg (2000). The incremental method builds on the fact that every point ζ in a given
interval [ζ1, ζ2] ⊆ R can be expressed as ζ = ζ1 + (ζ2 − ζ1) · δ, with 0 ≤ δ ≤ 1. In the following we
introduce the corresponding constraints that model our local supply curves including the vertical
lines connecting the marginal cost steps of two consecutive generators in the local merit order.

For simplicity the indexation of the different generators at each node n ∈ N starts at 1:
Gn := {1, 2, . . . , |Gn|} for all n ∈ N . (A.10)

Let us then define the following two sets for each network node n ∈ N :
Jn := {1, . . . , 2|Gn|} , J̃n := {1, . . . , 2|Gn| − 1} for all n ∈ N . (A.11)

We now introduce for each node n ∈ N binary auxiliary variables wn,j :
wn,j ∈ {0, 1} for all n ∈ N , j ∈ Jn. (A.12)

We also define continuous variables δn,j for these nodes:
0 ≤ δn,j ≤ 1 for all n ∈ N , j ∈ Jn. (A.13)

Using the binary variables wn,j , constraints (A.14) ensure that δn,j = 1 whenever δn,j+1 > 0:
wn,j ≥ δn,j+1 for all n ∈ N , j ∈ J̃n, (A.14a)
δn,j ≥ wn,j for all n ∈ N , j ∈ Jn. (A.14b)

In addition, we model the relationship between final power generation at a given node and the
auxiliary variables δn,j by ∑

g∈Gn

yfinal
g =

∑
j ∈ {2, 4, . . .}

ȳ j
2

δn,j for all n ∈ N . (A.15)

It holds for each generator that
yfinal
g = ȳgδn,2g for all n ∈ N , g ∈ Gn. (A.16)

Analogously, the following constraint describes the relation between the local redispatch price
pfinal
n and the auxiliary variables δn,j :

pfinal
n = c1δn,1 +

∑
j ∈ {3, 5, . . .}

(
c j + 1

2

− c j + 1
2
− 1

)
δn,j for all n ∈ N . (A.17)

This equation ensures that the nodal redispatch price is determined by the variable cost of the
marginal generator which is redispatched at the respective node. In equilibrium, variable cost of
the marginal generator equals willingness to pay of the marginal consumer, see for instance the

3Observe that for the sake of improved readability, in the main part we used a more graphical approach to
explain the MBR model.
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Figure A.1. Illustration of modeling native supply with the incremental method

two-node network example in Figure 3. This relation between final generation and final demand at
each node is explicitly modeled by

pfinal
n = an − bndfinal

n for all n ∈ N . (A.18)
Note that this equation can only be used if we assume that demand elasticity at the redispatch
market is identical with that of the spot market.4 Consider the case where after MBR at node n
no generator produces electricity or the marginal generator produces at full capacity. Then the
nodal redispatch price pfinal

n can be chosen in the interval between the variable cost of the marginal
generator (or zero in case of no generation) and the variable cost of the next generator in the merit
order. However, as long es demand can be redispatched, equation (A.18) guarantees that a unique
redispatch price is determined. If demand can not be redispatched, this would result in an inelastic
(vertical) demand function at the redispatch market. Then it is not possible to determine a unique
nodal redispatch price in the above mentioned case. Therefore, for the purpose of modeling the
MBR mechanism, we approximate inelastic demand by using an adjusted demand function with
a slope converging to infinity; see Section C. In real-world MBR operation, the minimum of the
feasible redispatch price interval should be chosen in such cases, as it minimizes redispatch cost at
the respective node.

Figure A.1 depicts the incremental method for the case of three generators and 12 auxiliary
variables. The point z can be expressed as δn,1 = . . . = δn,5 = 1, δn,6 = 2/3, wn,1 = . . . = wn,5 = 1,
and wn,6 = 0.

Under MBR, at every node n ∈ N each unit of redispatched demand ∆dn and redispatched
production ∆yg is compensated according to the local redispatch price pfinal

n . This yields the
following redispatch cost:

γMBR :=
∑
n∈N

 −pfinal
n ∆dn︸ ︷︷ ︸

demand redispatch payments

+

supply redispatch payments︷ ︸︸ ︷
pfinal
n

∑
g∈Gn

∆yg

 . (A.19)

Observe that the formulation of the objective function makes use of the fact that redispatched
demand and generation quantities at a given node cannot have the same sign unless they are both
zero. Table A.1 provides an overview of redispatch cost under CBR and MBR.

The TSO’s objective function in (A.19) is subject to the constraints of the formal price setting
mechanism that have been introduced in this section and to the physical transmission and generation

4In case of demand redispatch with a lower demand elasticity at the redispatch market, we refer to Section C,
where an adjustment of the redispatch market demand function is introduced.
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Table A.1. Redispatch cost under CBR and MBR

CBR MBR

Demand payments
∑

n∈N

(
bn
2 ∆dn + bndspot

n − an

)
∆dn −

∑
n∈N pfinal

n ∆dn

Supply payments
∑

n∈N

∑
g∈Gn

cg∆yg
∑

n∈N

∑
g∈Gn

pfinal
n ∆yg

constraints which have been introduced in Appendix A.1. The resulting MBR problem can be
expressed as follows:

min γMBR (A.20a)
s.t. Kirchhoff’s first and second law: (A.3), (A.4), (A.20b)

voltage phase angle at reference node: (A.5), (A.20c)
transmission flow limits: (A.6), (A.20d)
generation capacity limits: (A.7), (A.20e)
spot market and redispatch quantities: (A.1), (A.20f)
redispatch market equilibrium: (A.14), (A.15), (A.16), (A.17), (A.18), (A.20g)
variable restrictions: (A.8), (A.12), (A.13). (A.20h)

B. The Integrated Planner Approach as a First-Best Benchmark

The Integrated Planner Approach (IPA) can be seen as a first-best benchmark, where an
Integrated Generation and Transmission Company (IGTC) decides on welfare maximizing demand
and generation quantities ensuring network feasibility; see Jenabi et al. (2013). It is well known
that the IPA resembles a nodal price system in the short-run; see Hogan (2002).

Welfare ωFB is defined as given in equation (3). The IGTC’s objective function is subject to the
physical transmission and generation constraints which have been introduced in Appendix A.1. We
arrive at the following optimization problem of the IGTC, which is also the nodal pricing problem:

max ωFB (B.1a)
s.t. Kirchhoff’s first and second law: (A.3), (A.4), (B.1b)

voltage phase angle at reference node: (A.5), (B.1c)
transmission flow limits: (A.6), (B.1d)
generation capacity limits: (A.7), (B.1e)
variable restrictions: (A.8). (B.1f)

Observe that problem (B.1) is a concave optimization problem with only linear constraints and
continuous variables.

C. Model adjustment to analyze the impact of an increasing availability of
demand-side redispatch

As highlighted in Section 4.2, a detailed ex-ante analysis should be conducted when considering
a transition from CBR to MBR to verify that a higher degree of redispatchable demand will not
have negative welfare effects. Therefore, in this section we provide an adjustment of our model that
allows to analyze the impact of an increasing availability of demand-side redispatch on the two
redispatch regimes.

Let β ∈]0, 1] denote the percentage of spot market demand that can be redispatched at the
redispatch market.5 A high value of β indicates a high availability of technologies on the demand side
that can be used for demand redispatch. Based on the spot market demand function pn(dn), which
indicates the original willingness to pay of the consumers, we derive a redispatch market demand
function pfinal

n,β (dfinal
n ), which accounts for the assumed availability of demand redispatch β, as follows:

5For the sake of simplicity we use an identical value β for every node n ∈ N . Observe that it would also be
possible to introduce individual parameters βn for every node n ∈ N .
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The maximum price for which a positive amount of electricity is traded at node n is given by the
intercept an of the native spot market demand curve.6 For a given β, the smallest possible demand
at node n after redispatch is given by (1− β)dspot

n . As both the spot market equilibrium and the
smallest possible demand after redispatch are feasible on the redispatch level, the redispatch market
demand function passes through the two points (dspot

n , pspot) and ((1− β)dspot
n , an). Therefore, the

redispatch market demand function pfinal
n,β takes the following form for a given β ∈]0, 1]:

pfinal
n,β (dfinal

n ) = an − (1− β)pspot

β︸ ︷︷ ︸
=an,β

− an − pspot

βdspot
n︸ ︷︷ ︸

=bn,β

dfinal
n for all n ∈ N , (C.1)

where dfinal
n and pfinal

n,β describe final demand and redispatch price at node n.7
In Figure C.1, the grey line shows the underlying spot market demand function at node n and

also the redispatch market demand function for the case of β = 1. The spot market equilibrium is
indicated by the point A with a corresponding spot market demand and spot market price. The
three black lines in Figure C.1 correspond to the cases of β = 0.9, β = 0.5, and β → 0, respectively.
Considering β = 0.9, at most 90 percent of the spot market equilibrium demand can be redispatched,
which equals the line segment D0.9D0. In the case β → 0, demand is totally inelastic and converges
to the vertical line through the spot market demand.

quantity

price

an

D1 D0.9 D0.5 D0

pspot

dspot
n

0

pfinal
n,0.9 pfinal

n,0.5pfinal
n,1

= pn

pfinal
n,0

A

Figure C.1. Demand available for redispatch for different values of β

To adjust the CBR and the MBR model in Appendix A to this situation, the final demand
variable restriction (A.8b) has to be replaced by the following constraints:

dspot
n (1− β) ≤ dfinal

n ≤ dspot
n (1 + β) for all n ∈ N . (C.2)

In the CBR model, the objective function (A.2) is adapted by replacing the demand function
parameters an and bn with an,β and bn,β given in equation (C.1), respectively. The MBR model is
adjusted by using equation (C.1) instead of equation (A.18) and by replacing pfinal

n with pfinal
n,β in

objective function (A.19) and equation (A.17).
To compare scenarios with different degrees of redispatchable demand β for one of the redispatch

systems, the respective redispatch model is solved for the different values of β. To calculate final
6Alternatively, the maximum electricity price may also be given by a price cap of an electricity exchange.
7Scenarios without demand redispatch (with an inelastic redispatch market demand function) can be modeled by

using a value for β that is close to zero, which means that slope bn,β converges towards infinity.
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welfare after redispatch, the original willingness to pay according to the underlying spot market
demand function is used. Therefore, superscript “spot” is replaced by “final” in the welfare function
(1) and the redispatch cost minimizing solution of the respective redispatch regime is inserted.

D. Sets, Parameters, and Variables

For the sake of completeness, we present all sets, parameters, and variables used in our models
in Tables D.1 and D.2.

Table D.1. Sets and parameters

Symbol Description Unit
N Set of nodes in the transmission network —
L Set of transmission lines in the transmission network —
Gn Set of all generation technologies at node n ∈ N —
Jn Auxiliary set indicating aggregate supply function sections at n ∈ N —
bn Slope of price function at node n ∈ N e/MWh2

an Intercept of price function at node n ∈ N e/MWh
Bl DC power flow susceptance of line l ∈ L MW h
f̄l Maximum power flow on line l ∈ L MW h
cg Variable cost of generation technology g ∈ Gn e/MWh
ȳg Maximum power generation capacity of generator g ∈ Gn MW h
β Availability factor of demand redispatch —

Table D.2. Model variables

Symbol Description Unit
dspot
n , dfinal

n Demand at node n ∈ N MW h
yspot
g , yfinal

g Power generation of generator g ∈ Gn MW h
fl Power flow on line l ∈ L MW h
θn Voltage angle at node n ∈ N —
pfinal
n Redispatch price at node n ∈ N e/MWh
wn,j Auxiliary binary variable for n ∈ N , j ∈ Jn —
δn,j Auxiliary continuous variable for n ∈ N , j ∈ Jn —
ω Welfare e
γCBR Redispatch cost under CBR e
γMBR Redispatch cost under MBR e
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