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Summary

With the rise of renewables in Europe, conventional generators are increasingly struggling to recover
their costs on the energy market. However, due to the intermittency of renewables, controllable gen-
eration is still needed. To secure resource adequacy, capacity mechanisms have become a common
instrument. Furthermore, that capacity must also be located where the transmission network can de-
liver it when renewable output is low.

European zonal energy markets do not value the location of generators, because each energy market
zone is cleared as if there were no internal transmission constraints. Internal congestion is instead
resolved after the market has cleared through redispatch, which has become a frequent and costly
corrective measure.

So far, capacity mechanisms in Europe are also indifferent to generator location within a country. They
procure sufficient capacity in total without ensuring that it is available where the network needs it. In
a zonal market, this omission has real consequences, because capacity sited in low-cost but network-
constrained locations can increase redispatch needs or make redispatch infeasible during scarcity. A
locational signal within the capacity mechanism could direct investment towards more useful locations.
By restricting where capacity may be procured, however, such a signal may also raise capacity-market
expenditure. Although several studies argue that locational capacity mechanisms improve congestion
outcomes, they either combine multiple locational signals or embed capacity-market cost within ag-
gregate system-cost measures, and therefore cannot isolate this trade-off. This leads to the research
question:

To what extent do locational signals in capacity markets shape the trade-off between capacity
procurement costs and congestion outcomes in a zonal energy market?

To answer this question, the thesis develops a sequential two-stage model consisting of a market-
equilibrium stage followed by a cost-based redispatch stage. Generators decide their dispatch and
capacity offers, new generators additionally decide their investment, and demand agents procure ca-
pacity against a system-wide requirement and, under the locational design, against zonal requirements.
In the model, redispatch revenues do not influence generator investment. The energy market also does
not offer any locational signal, and the capacity market only does so at the level of the defined zones.
Several first-stage equilibria can therefore share identical energy and capacity costs while siting ca-
pacity at different nodes, and each siting implies a different redispatch outcome in the second-stage
problem. A single equilibrium solution would hide this variation.

The thesis addresses this through solution-space exploration. The equilibrium is reformulated and
solved repeatedly under PTDF-based objective weights that push investment along different network
directions, exploring a range of market-equivalent siting outcomes together with their redispatch con-
sequences. This is the main methodological contribution, as it makes explicit the side of the trade-off
that existing studies leave inside a black box: the capacity-market cost of a locational signal, evaluated
jointly with its congestion outcomes. The model is first verified on a small proof-of-concept system
and then applied to the Dutch transmission network consisting of 34 nodes and eight representative
days. Two case studies are constructed on this network but with different inherited generation. The first
removes most legacy gas, so that new investment supplies the majority of the required capacity and
the mechanism largely determines where it is built. The second retains the existing gas fleet, leaving
only a small residual deficit on which the signal can act. Each case compares a country-wide capacity
requirement against a three-zone requirement and varies cross-zonal participation from none to full.

The results show that a locational signal improves physical deliverability more consistently than it re-
duces costs, while its effect on capacity-market expenditure remains conditional. Across both case
studies, the zonal requirement redirects capacity towards deficient zones and substantially improves
the ability of the system to restore network feasibility during scarcity. Its effect on capacity-market
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expenditure depends strongly on the inherited fleet: in the first case it raises expenditure by only a
few percent, whereas in the second the increase is much larger because only a small amount of new
capacity is required under country-wide procurement and accepted legacy units also receive the zonal
price.

Redispatch volume and cost alone prove incomplete measures of performance, because neither de-
creasesmonotonically with the strength of the signal. Feasibility responds far more clearly. The country-
wide design leaves scarcity events that cannot be resolved, while strict zonal procurement eliminates
grid-related load shedding in the second case. Limited cross-zonal participation can recover part of
the additional cost where a neighboring zone holds surplus capacity, but excessive participation weak-
ens the signal and returns the system towards the country-wide siting pattern. No single design or
participation level is therefore optimal. A locational capacity mechanism does not remove congestion
or substitute for grid expansion. It can shift part of the burden from ex-post redispatch towards the
ex-ante procurement of deliverable capacity, and in doing so reframes the policy question from how
much capacity to procure towards how much of it must be local to remain deliverable when the network
is constrained.
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Nomenclature

Sets and Indices
Symbol Description Unit

t ∈ T Time step, with T as the set of all time steps –
i ∈ I Investable controllable generator, with I as the set of

investable generators
–

j ∈ J Legacy generator, with J as the set of legacy gener-
ators

–

g ∈ G Generator, with G = I ∪J as the set of all generators –
n ∈ N Network node, with N as the set of all nodes –
l ∈ L Transmission line, with L as the set of all lines –
z ∈ Z Capacity-market zone, with Z as the set of all zones –
(a, b) ∈ P Unordered pair of capacity-market zones connected

by cross-zonal participation
–

k Exploration-vector index –
ω ∈ A Generic actor, withA as the set of actors in the primal-

dual formulation
–

Gn Set of generators located at node n –
n(g) Network node of generator g –
n(i) Network node of investable generator i –
z(g) Capacity-market zone of generator g –
z(i) Capacity-market zone of investable generator i –
z(j) Capacity-market zone of legacy generator j –
W Set of positive and negative PTDF-based exploration

vectors
–

Decision Variables and Market Prices
Symbol Description Unit

λe
t Energy-market clearing price in time step t e/MWh

λc
z Capacity-market clearing price in zone z e/MW

qt,i Energy-market dispatch of investable generator i in
time step t

MW

qt,j Energy-market dispatch of legacy generator j in time
step t

MW

qt,g Energy-market dispatch of generator g in time step t MW
ci Installed capacity of investable generator i MW
ccmi Capacity offered by investable generator i in the ca-

pacity market
MW

ccmj Capacity offered by legacy generator j in the capacity
market

MW

ccmg Capacity offered by generator g in the capacity market MW
Dt Aggregate demand served in the energy market in

time step t
MW

lsemt Load shedding in the energy market in time step t MW
cdemz Capacity procured in capacity-market zone z MW

x



Nomenclature xi

fab Signed cross-zonal capacity contribution between
zones a and b

MW

ηz Net cross-zonal capacity contribution received by
zone z

MW

r+t,g Upward redispatch of generator g in time step t MW
r−t,g Downward redispatch of generator g in time step t MW
lsgridn,t Grid-related load shedding at node n in time step t MW
pinjn,t Nodal power injection at node n in time step t MW
pflowl,t Active power flow on line l in time step t MW
qmkt
t,g Market dispatch of generator g before redispatch MW
qfinalt,g Final dispatch of generator g after redispatch MW

Dual Variables
Symbol Description Unit
µq
t,i Dual variable of the dispatch upper bound of in-

vestable generator i
e/MW

µcap
i Dual variable of the maximum installable-capacity

constraint of investable generator i
e/MW

µcm
i Dual variable of the capacity-market offer bound of

investable generator i
e/MW

µq
t,j Dual variable of the dispatch upper bound of legacy

generator j
e/MW

µcm
j Dual variable of the capacity-market offer bound of

legacy generator j
e/MW

ξt Dual variable of the energy-demand balance con-
straint

e/MW

κt Dual variable of the upper bound on served energy
demand

e/MW

νz Dual variable of the zonal capacity requirement con-
straint

e/MW

λc,sys Dual variable of the system-wide capacity require-
ment

e/MW

ρz Dual variable of the non-negative zonal requirement
guard

e/MW

ϕlo
ab Dual variable of the lower cross-zonal contribution

bound
e/MW

ϕhi
ab Dual variable of the upper cross-zonal contribution

bound
e/MW

β
q

t,g Dual variable of the upward redispatch limit of gener-
ator g

e/MW

β
−
t,g Dual variable of the downward redispatch limit of gen-

erator g
e/MW

γn,t Dual variable of the upper bound on grid-related load
shedding

e/MW

λRD
t Dual variable of the redispatch balance constraint in

time step t
e/MW

ρ
l,t

Dual variable of the lower thermal line-flow limit e/MW
ρl,t Dual variable of the upper thermal line-flow limit e/MW
ϕl,t Dual variable of the power-flow definition on line l in

time step t
e/MW

Binary Variables for Disjunctive Linearization



Nomenclature xii

Symbol Description Unit

rq,It,i Binary variable for the complementarity of qt,i and its
stationarity condition

binary

rq,Jt,j Binary variable for the complementarity of qt,j and its
stationarity condition

binary

rci Binary variable for the complementarity of ci and its
stationarity condition

binary

rcapi Binary variable for the complementarity of the
installable-capacity slack and µcap

i

binary

rcm,I
i Binary variable for the complementarity of ccmi and its

stationarity condition
binary

rcm,J
j Binary variable for the complementarity of ccmj and its

stationarity condition
binary

rµq,It,i Binary variable for the complementarity of µq
t,i and the

dispatch-limit slack
binary

rµq,Jt,j Binary variable for the complementarity of µq
t,j and the

dispatch-limit slack
binary

rµcm,I
i Binary variable for the complementarity of µcm

i and
the capacity-offer slack

binary

rµcm,J
j Binary variable for the complementarity of µcm

j and
the capacity-offer slack

binary

rlst Binary variable for the complementarity of energy-
market load shedding

binary

rdemz Binary variable for the complementarity of cdemz and
its stationarity condition

binary

rνz Binary variable for the complementarity of νz and the
zonal requirement slack

binary

rρz Binary variable for the complementarity of ρz and the
requirement-guard slack

binary

rsys Binary variable for the complementarity of the system-
wide capacity requirement

binary

rloab Binary variable for the complementarity of the lower
cross-zonal contribution bound

binary

rhiab Binary variable for the complementarity of the upper
cross-zonal contribution bound

binary

r Generic binary variable in the disjunctive reformula-
tion

binary

Parameters and Derived Quantities
Symbol Description Unit
Wt Weight of time step t in the objective functions h
Wmax Maximum time-step weight, maxt∈T Wt h
W tot Sum of all time-step weights,

∑
t∈T Wt h

V OLLem Value of lost load based on the energy-market price
cap

e/MWh

V OLLgrid Value of lost load due to grid constraints e/MWh
vci Variable cost of investable generator i e/MWh
vcj Variable cost of legacy generator j e/MWh
vcg Variable cost of generator g e/MWh
fci Fixed cost of investable generator i e/MW
capi Maximum installable capacity of investable generator

i
MW
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capj Installed capacity of legacy generator j MW
capg Installed or maximum installable capacity of generator

g, depending on generator type
MW

at,j Availability factor of legacy generator j in time step t –
αi De-rating factor of investable generator i in the capac-

ity market
–

αj De-rating factor of legacy generator j in the capacity
market

–

αg De-rating factor of generator g in the capacity market –
qt,g Maximum available generation of generator g in time

step t
MW

Dmax
t Maximum aggregate demand in time step t MW

dn,t Demand at node n in time step t MW
sn Share of aggregate demand located at node n –
dservedn,t Nodal demand remaining after energy-market load

shedding
MW

dcz Capacity requirement of zone z MW
dc System-wide capacity requirement MW
MECab Maximum entry capacity between zones a and b MW
σ Cross-zonal participation factor applied to MECab –
fab Absolute cross-zonal contribution bound, equal to

σMECab

MW

Fl Thermal capacity limit of transmission line l MW
x Mark-up added to redispatch cost to avoid unneces-

sary redispatch
e/MWh

fmkt
l,t Pre-redispatch market flow on line l in time step t MW
PTDF Power transfer distribution factor matrix –
PTDFl,n Power transfer distribution factor of node n on line l –
IM Incidence matrix of the network –
iml,n Entry of the incidence matrix for line l and node n –
Xl Reactance of line l p.u.
Bl Susceptance of line l p.u.
Bd Diagonal matrix of line susceptances p.u.
w

(k)
n PTDF-based exploration weight of node n in explo-

ration vector k
–

λc Upper bound on the capacity-market price, equal to
maxi∈I fci

e/MW

Cost-Comparison Quantities
Symbol Description Unit

Cexpl Redispatch-based secondary objective of the full
primal-dual formulation, including grid-related load
shedding

e

CCM Capacity-market expenditure e
CRD Net redispatch cost excluding grid-related load shed-

ding
e

Egrid-LS Grid-related load shedding MWh
Cgrid-LS Monetary value of grid-related load shedding,

V OLLgridEgrid-LS
e

Ccombined Combined capacity-market and congestion-cost mea-
sure

e

V OLLgrid,∗ Break-even valuation of grid-related load shedding e/MWh



Nomenclature xiv

L Superscript denoting a locational capacity-market de-
sign in the break-even comparison

–

CW Superscript denoting the country-wide capacity-
market design in the break-even comparison

–

Generic Optimization Notation
Symbol Description Unit

x Generic primal decision-variable vector depends on for-
mulation

f(x) Generic objective function depends on for-
mulation

h(x) Generic equality-constraint function depends on for-
mulation

g(x) Generic inequality-constraint function depends on for-
mulation

λ Generic dual variable of equality constraints depends on con-
straint

µ Generic non-negative dual variable of inequality con-
straints

depends on con-
straint

L Generic Lagrangian function e
Li Lagrangian of investable generator i e
Lj Lagrangian of legacy generator j e
LCD Lagrangian of the capacity-demand agent e
LRD Lagrangian of the redispatch operator e
Pω(xω) Primal objective value of actor ω e
Dω(µω) Dual objective value of actor ω e
u First non-negative member of a generic complemen-

tarity pair
depends on vari-
able

v Second non-negative member of a generic comple-
mentarity pair

depends on ex-
pression

Ku Upper bound on u in the generic disjunctive reformu-
lation

depends on vari-
able

Kv Upper bound on v in the generic disjunctive reformu-
lation

depends on ex-
pression

Constants for Disjunctive Constraints
Symbol Description Unit

Kq Bound on generator dispatch MW
Kls Bound on energy-market load shedding MW
Kc Bound on installed capacity of an investable genera-

tor
MW

Kcm Bound on a capacity-market offer MW
Kdem Bound on zonal capacity procurement and its require-

ment slacks
MW

Ksys Bound on the slack of the system-wide capacity re-
quirement

MW

K̃q,I Bound on the dispatch-limit slack of an investable gen-
erator

MW

K̃q,J Bound on the dispatch-limit slack of a legacy genera-
tor

MW

K̃cap Bound on the installable-capacity slack MW
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K̃cm,I Bound on the capacity-offer slack of an investable
generator

MW

K̃cm,J Bound on the capacity-offer slack of a legacy genera-
tor

MW

K̃f
ab Bound on the slack of either cross-zonal contribution

limit
MW

K̂λe Upper bound on the energy-market price e/MWh
K̂λc Upper bound on the capacity-market price e/MW
K̂µq Bound on generator dispatch-limit dual variables e/MW
K̂µcm Bound on capacity-offer dual variables e/MW
K̂µcap Bound on the maximum installable-capacity dual vari-

able
e/MW

K̂ν Bound on the zonal requirement dual variable νz e/MW
K̂ρ Bound on the requirement-guard dual variable ρz e/MW
K̂ϕ Bound on the cross-zonal contribution-bound dual

variables
e/MW

K̂λc,sys Bound on the system-wide capacity-requirement dual
variable

e/MW

K
q,I Bound on the dispatch-stationarity expression of an

investable generator
e/MW

K
q,J Bound on the dispatch-stationarity expression of a

legacy generator
e/MW

K
c Bound on the capacity-investment stationarity expres-

sion
e/MW

K
cm Bound on the capacity-offer stationarity expression e/MW

K
dem Bound on the capacity-demand stationarity expres-

sion
e/MW

K
ls Bound on the load-shedding stationarity expression e/MW



1
Introduction

Sustainability is one of the three key challenges of European energy policy (European Commission,
2025). The European Union and its member states are therefore expanding renewable capacity to de-
carbonize the power system (IRENA, 2025). However, most renewable energy sources are intermittent,
meaning that controllable generation is still needed when renewable output is low. At the same time,
renewables increasingly reduce the operating hours of controllable generators (IEA, 2016). In theory,
scarcity prices should provide sufficient incentives for investment, but price caps constrain these prices
(Fabra, 2018). As a result, controllable generators may no longer recover their fixed costs, known as the
“missing-money” problem (Duan et al., 2020). Investment is further affected by the long lifetimes and
high upfront costs of power plants. The risk of overinvestment discourages investment, even when ca-
pacity remains necessary for security of supply (Cruickshank et al., 2016). Capacity mechanisms have
consequently become a common option within the EU. They remunerate generation assets for mak-
ing capacity available rather than only for providing energy, thereby supporting continued investment
in controllable generation (Aurora Energy Research, 2025; European Union, n.d.; Finon & Roques,
2013).

A second challenge arises from the spatial shift in generation and consumption. Conventional power
plants were typically located close to load centers, and transmission networks were developed around
these locations. Renewables, by contrast, are primarily built where resources are available, increasing
the need for transmission capacity (Janda et al., 2017). Within a single bidding zone, the electricity
market generally treats the network as unconstrained. This “copper-plate” representation does not
reflect internal bottlenecks. Congestion must therefore be resolved through corrective congestion man-
agement measures, which increase system costs (Trepper et al., 2015). In Germany, redispatch costs
almost quadrupled to €4.2 billion per year between 2019 and 2022 (BDEW, 2023).

Two main solutions aim to address transmission-grid congestion at its root. The first is to split national
electricity markets into multiple bidding zones so that electricity prices better reflect physical grid con-
straints. However, political resistance has so far prevented implementation in many European countries.
A common concern is that some zones could face higher electricity prices and therefore experience a
regional disadvantage (Eicke & Schittekatte, 2022). The second solution is to expand the transmission
network. Grid expansion, however, also faces rising material and labor costs, local resistance, and
long permitting periods. Regulated grid expansion has historically not been able to match the pace of
generation-capacity expansion and shifts in load (ENTSO-E, 2026). Both solutions therefore encounter
substantial hurdles in Europe.

Locational signals in capacity mechanisms could provide an additional way of influencing where con-
trollable capacity is located. Currently, however, capacity mechanisms are assessed primarily in terms
of aggregate adequacy, while internal grid congestion is not considered. EU regulation allows capacity
mechanisms only under specific adequacy conditions and explicitly excludes congestion management
measures from their scope (European Union, n.d.). Nevertheless, ENTSO-E (2025) highlight the po-
tential of locational signals in capacity mechanisms to reduce congestion. Nieto and Fraser (2007)

1



1.1. Knowledge gap & research question 2

also point out that aggregate capacity mechanisms could worsen congestion and capacity concerns.
This raises the question of whether locational capacity procurement can improve the deliverability of
procured capacity, and how this affects procurement costs and congestion outcomes. The question
is particularly relevant in Europe, where capacity mechanisms are regulated at EU level and primarily
justified through resource adequacy. Any locational extension would therefore have to be assessed
within this existing policy and regulatory framework.

1.1. Knowledge gap & research question
The literature on capacity mechanisms and congestion management remains fragmented. Existing
studies generally examine capacity mechanisms or congestion management and locational signals
separately. Where the two topics are connected, locational elements in capacity mechanisms have
received only limited systematic attention within the current European market design. In particular,
their potential role in reducing congestion and ensuring that procured capacity can be delivered during
scarcity situations remains unclear. The relevant literature is reviewed in detail in Chapter 2. This
section uses the connecting literature and its limitations to formulate the knowledge gap and research
question.

The capacity mechanism literature primarily focuses on aggregate resource adequacy. It examines
how investment uncertainty, market design, and cross-border effects influence the performance and
design of capacity mechanisms (de Vries & Heijnen, 2008; Ehrenmann & Smeers, 2011; Fraunholz et
al., 2023). In recent years, particular attention has been given to the European integration of national
capacity mechanisms and the effects of cross-border participation (ENTSO-E, 2025; Fraunholz et al.,
2023; Hladik et al., 2020). However, this literature mainly considers whether sufficient capacity exists
at the aggregate level. It pays less attention to where this capacity is located within a bidding zone and
whether it can be delivered when internal grid constraints are binding.

The congestion management literature starts from the spatial limitations of zonal electricity markets.
The copper-plate assumption neglects internal grid constraints and, together with the geographically un-
even deployment of renewables, can contribute to increasing congestion and redispatch needs (Eicke
& Schittekatte, 2022; Hladik et al., 2020). Splitting bidding zones has therefore been extensively stud-
ied as a way to provide locational investment signals through electricity prices (Eicke et al., 2020;
Fraunholz et al., 2020; S. Oliveira et al., 2023). However, a bidding-zone split can negatively affect
resource adequacy and faces considerable political resistance (Eicke & Schittekatte, 2022; Fraunholz
et al., 2020). Locational signals have also been proposed outside the energy market price, for exam-
ple through locational components in renewable-support schemes (Thomaßen & Fuhrmanek, 2025).
These studies show that investment locations can be influenced through market design, but they do
not directly examine the trade-off created by locational signals in capacity mechanisms.

Markets in the US, such as PJM, already use capacity market zones with locational signals (Lawson,
2025). There is therefore extensive experience on locational capacity markets in these regions. How-
ever, the surrounding electricity market design differs significantly from the one commonly applied in
Europe because US markets generally use nodal rather than zonal pricing (IEA, 2025). Similarly, Chile
combines a nodal energy market with a nodal capacity market (Eicke et al., 2020). Findings from these
markets cannot therefore be directly applied to the European context, where congestion within bidding
zones is resolved through redispatch. Nevertheless, they indicate which effects should be considered
when introducing locational signals into European capacity mechanisms. In PJM, for example, the
separation into smaller capacity market zones has reduced competition and increased capacity prices
(McCullough et al., 2020).

Only a limited number of European studies directly connect locational capacity mechanisms with con-
gestion outcomes. Lété et al. (2026) examine market-based redispatch under zonal pricing. They show
that this combination can lead to investment in “ghost plants” that are built to extract arbitrage rents be-
tween the zonal energy price and the nodal redispatch price. A locational capacity market can remove
these arbitrage profits and restore the long-run efficiency of the system. Hladik et al. (2020) examine
congestion management in Germany and find that introducing a locational capacity mechanism can im-
prove congestion outcomes. However, they consider only one specific market setup, making it difficult
to isolate the effect of the capacity mechanism from the other elements of the design.
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Thomassen and Fuhrmanek (2025) provide a broader study of locational investment signals, including
locational components in capacity mechanisms. They describe locational capacity mechanisms as a
no-regret option in the current zonal market setup because they reduce overall consumer costs and im-
prove the feasibility of redispatch. However, the study introduces several locational investment signals
simultaneously and does not explicitly model capacity market costs. It is therefore not possible to iso-
late the effect of the locational capacity mechanism itself or to observe the trade-off between capacity
market and redispatch costs.

A further difference exists between the practical motivation for locational capacity mechanisms and their
assessment in the literature. Implemented locational mechanisms base their requirements primarily on
security and reliability analyses. Their main purpose is not necessarily to minimize redispatch volumes
or costs, but to ensure that sufficient capacity physically exists in the right location for the system to be
operated safely. By contrast, Thomassen and Fuhrmanek (2025) and Hladik et al. (2020) focus mainly
on redispatch outcomes. However in an earlier publication, Thomassen et al. (2024) also question
whether locational elements in capacity mechanisms can reduce redispatch at all. Locational signals
may therefore be more important for enabling feasible redispatch than for minimizing its volume.

Taken together, the literature leaves two connected gaps. First, existing studies do not provide a system-
atic and isolating comparison between country-wide and locational capacity market designs. Second,
one side of the central trade-off is generally not modeled explicitly. Capacity market costs are instead
included within broader system-cost measures, creating a black box around the interaction with chang-
ing redispatch costs. Redispatch feasibility is also not consistently treated as a separate outcome. A
systematic comparison is therefore needed to examine how locational capacity market designs affect
capacity market costs, redispatch volumes and costs, and load shedding caused by grid constraints.

This leads to the following research question:

To what extent do locational signals in capacity markets shape the trade-off between capacity
procurement costs and congestion outcomes in a zonal energy market?

1.2. Sub-questions
To answer the research question, the project is structured following the bathtub model from Chappin
(2021). While the bathtub model consists of more steps, they are concentrated into four research
stages for this project. First, SQ1 and SQ2 build the conceptual model from literature. SQ1 focuses
on understanding the basic system and its interactions, while SQ2 dives into the experimental design.
SQ3 consists of formulating the formal model, reformulating it so the solution space can be explored,
and implementing and running it as a computational model. Lastly, SQ4 represents the analysis and
interpretation of the model results.

Conceptual Model - System
SQ1: Which actors, decisions, and interactions must be represented in a zonal energy market with

cost-based redispatch and a capacity mechanism?

Method: Desk research
Data Requirements: Foundational literature on electricity market structure and operation
Data Sources: Academic databases such as Web of Science and Scopus
Analysis Tools: Zotero to keep track of literature; Miro (n.d.) to create a visualization of the conceptual
model
Deliverable: A base conceptual model made up of the core actors and their interactions. This model
establishes the fundamental components of the system (e.g. generators, demand, grid constraints)
and its operational processes that will be formalized later. A visual representation of the actors and
their interactions supports the formulation of the formal model.

Conceptual Model - Intervention & Experimental Design
SQ2: Which forms of locational signals exist in capacity mechanisms, and how do they function?

Method: Literature review
Data Requirements: Base model from SQ1; academic journal articles and authoritative policy reports
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on locational signals in capacity market design
Data Sources: SQ1; academic databases such as Web of Science and Scopus
Analysis Tools: Zotero to keep track of literature
Deliverable: SQ2 provides the experimental design. Literature is scanned to provide an overview of the
possibilities that exist for locational signals in capacity markets and how they work. From the variants
explored, a set of designs is chosen for this project. The choice is made based on the compatibility
with the system design in SQ1. The reason to split the conceptual model into two sub-questions is
that SQ1 concerns the basic functioning of our current electricity market design, while SQ2 introduces
possible interventions to that system from literature. To answer SQ2, a detailed understanding of the
current market must be established first in SQ1. Otherwise, the experimental design could carry over
false assumptions from a flawed base model.

Formal & Computational Model
SQ3: How do locational signals affect capacity procurement, capacity siting, and congestion

outcomes across the investigated scenarios?

Method: Mathematical model formulation; Computational simulation
Data Requirements: The conceptual model from SQ1 and SQ2;
Data Sources: SQ1; SQ2; PyPSA-Eur (Hörsch et al., 2018)
Analysis Tools: Julia and the JuMP package for mathematical modeling (Kwon, 2019; Lubin et al.,
2023); Git for version control; Python to retrieve data on the Netherlands from PyPSA-Eur; solver to
compute the model solutions
Deliverable: Based on the conceptual model, the formal capacity expansion model is then built. There
already is extensive literature on modeling electricity markets with capacity mechanisms (Askeland et
al., 2019; Höschle, Le Cadre, Smeers, et al., 2018; Lorenczik, 2019; Menegatti & Meeus, 2024) and
redispatch (Kenis et al., 2024; Kunz & Zerrahn, 2015; Lété et al., 2022), which can serve as a guide.
Emphasis in this part is on the exploration of the solution space. The reason lies in how capacity
siting is determined in the model. The deciding factors on where capacity is built are among others
land availability, labor costs and local resistance. Those are difficult to include in electricity market
models (Thomassen & Fuhrmanek, 2025). Several locations can therefore be equivalent from the
perspective of the energy and capacity markets, leading to multiple equilibria and solver dependency
in the solution. As capacity siting is the driver behind the congestion outcomes, relying on one solver-
selected equilibrium could distort the comparison. The model therefore explores spatially different
equilibria with the same energy- and capacity market outcomes. The exploration proved challenging
in terms of keeping solving times feasible. At the end, a two-stage solution method was developed in
which a PTDF-based objective creates diverse capacity-siting outcomes before redispatch is solved
separately. Before it is applied, the model is verified on a small three-node network as a proof of
concept. The formal model is then implemented in Julia using JuMP (Lubin et al., 2023) and run on
data for the Dutch system. The metrics compared across the scenarios are capacity procurement and
expenditure, capacity siting, redispatch volumes and costs, and grid-related load shedding. Generally,
all data sources and modeling choices are documented to make the results transparent and clearly
show what drives the outcomes, avoiding a ”black box” analysis later. Necessary data from the Dutch
system for the model includes:

• Renewables Data: An hourly time-series of renewable capacity factors
• Generator Data: Investment costs (€/MW/year), operational costs (€/MWh), and location
• Network Data: A map of Dutch transmission lines, their capacities and connection points
• Demand Data: An hourly time-series of the Dutch electricity demand

Crucially, all data is needed in the same spatial resolution as the network data. Only then, can redis-
patch and locational signals be accurately modeled. In line with the copper plate assumption of the
current electricity market design, demand data is only available for the whole of the Netherlands and
generator data is independent from grid connection points. To get the spatial resolution in data, several
methods are available, e.g. distributing demand over nodes based on inhabitants and economic activ-
ities. Instead of following the manual approach, a PyPSA-Eur run is configured to represent the Dutch
network including buses, links, generators and demand (Hörsch et al., 2018). Using its snakemake
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workflow, PyPSA-Eur then transforms the data into the desired spatial granularity, ensuring the data
matches across all kinds of data.

Analysis & Interpretation
SQ4: What trade-offs and design implications follow for locational signaling in capacity markets?

Method: Synthesis of model results
Data Requirements: Full set of results from SQ3
Data Sources: SQ3
Deliverable: This is a primarily qualitative step, interpreting the quantitative results in the context of
the policy debate and the literature review. The analysis will focus on the relative differences between
market designs, not absolute forecasts. Concretely, it compares how the capacity mechanism costs,
redispatch and grid-related load shedding move against each other across the locational signal designs.
This ensures the findings are presented as conditional insights, directly linked to the core assumptions
of the model. It involves identifying causal mechanisms within the model that explain the observed
outcomes. This results in a set of evidence-based conclusions that directly answer the main research
question and provide recommendations on the design and implementation of locational capacity mech-
anisms.

1.3. Research approach
The research question concerns the functioning of a complex electricity system under alternative mar-
ket designs. Specifically, the interaction between a zonal energy market and capacity mechanism
design. Answering this question thus requires the systematic comparison of different system designs
that cannot be observed in real-world systems. Energy market and system models are widely used
to provide such insights in systems where real-world experimentation is infeasible (Pfenninger et al.,
2014), therefore a modeling approach is chosen for this research.

In this case, the focus is on market design and system-level outcomes rather than detailed engineering
representations of individual technologies. In energy system and market modeling it is important to em-
phasize that their role is not prediction, but the generation of insights by formulating assumptions and
exploring how changes in the system design affect certain outcomes (Pfenninger et al., 2014). Further-
more, modeling and simulation are suitable for analyzing systems with interacting actors, long-term
investment horizons, feedback in market interactions and physical constraints. The model is crucial
for understanding those interactions at the system level, where outcomes result from decentralized
decisions from individual actors instead of central coordination (Subramanian et al., 2018).

Looking back at the research question and knowledge gap, a model can provide what is needed to
systematically observe the system-level effects (capacity procurement, redispatch, and grid-related
load shedding) originating from individual actors’ decision making in different capacity market designs,
offering a comparison between them.

When it comes to the limitation of this research approach, computational constraints are the main
cause. The computational intensity limits the level of detail and therefore accuracy of the model. Thus,
modeling choices regarding the level of detail are needed. Following Kotzur et al. (2021), the approach
is to start with as simple amodel as possible and only add detail where the research question demands it.
This is especially relevant in models that require a high temporal and spatial granularity. In combination
those can quickly let the model explode in size (Kotzur et al., 2021).

As the focus of this study is on the comparison between market designs rather than the prediction
of absolute outcomes, modeling choices prioritize traceability of results over accuracy of individual
components. This means that factors of additional complexity such as strategic behavior, risk aversion
and demand response are excluded where they affect all scenarios equally and therefore do not drive
the differences between them.

A challenge is that results are conditional on those choices as well as system boundaries and parameter
values. This carries the risk of turning the model into a ‘black box’ which hides the mechanisms driving
the results (Pfenninger et al., 2018). Two mitigation measures are implemented to minimize that risk:
a) Results are treated as conditional insights for comparison, not forecasts. The analysis focuses
on differences between the scenarios while absolute results are secondary. b) The model is kept



1.4. Societal and CoSEM relevance 6

transparent: the assumptions and modeling choices are made explicit, and both the data and the
model are openly available in a public Git repository.

1.4. Societal and CoSEM relevance
As discussed earlier, having enough capacity on an aggregate level is only one part of security of
supply. If grid constraints prevent that capacity from delivering during scarcity events, its contribution
is limited. Locational signals in a capacity mechanism therefore matter because they can guide where
new controllable capacity is built, ensuring both resource and transmission adequacy.

The question is also relevant for the costs of the energy transition. A locational signal may reduce redis-
patch needs and grid-related load shedding, but it can also increase capacity market costs by restricting
where and how much capacity is procured. These costs eventually affect consumers, whether through
capacity payments, grid tariffs, or the cost of congestion management. This thesis therefore studies
how different capacity market designs shift costs and risks between ex-ante capacity procurement and
ex-post congestion management, including redispatch and grid-related load shedding. A locational ca-
pacity mechanism is not treated as a replacement for grid expansion or bigger energy market reform,
but as a possible mitigation while these solutions remain slow or politically difficult to implement. In a
broader sense, it therefore also concerns the general success of the energy transition. Public support
for the energy transition is tied to affordability (Middlemiss et al., 2020). If public support fades, the
transition itself is in danger.

This is where the CoSEM perspective becomes relevant. The problem is rooted in a technical issue,
namely renewable intermittency and grid congestion. But it cannot be assessed in technical terms
alone, because the market and the grid are coupled. The rules of the capacity mechanism affect
investment and dispatch decisions, while the transmission network determines what these decisions
mean for system operation. Changing the locational signal can therefore improve one part of the system
while creating costs elsewhere. Stricter local procurement can make capacity more useful for the grid,
but also more expensive. Allowing more cross-zonal participation can lower procurement costs, but
puts more weight on the transmission network and on redispatch. The design cannot be assessed from
one perspective alone.

Several actors are involved and their objectives do not fully align. Generators decide where to invest
based on expected revenues and costs. The market operators aim to procure enough capacity and
clear the markets at low cost. The transmission system operator is responsible for restoring network
feasibility after the energy market has cleared. Regulators set the rules connecting these actors. Con-
sumers do not take part in these decisions directly, but depend on the outcome and eventually carry
the costs. A change in the capacity mechanism therefore affects both private investment incentives
and public outcomes such as congestion, security of supply, and system costs.

The methodology also follows a CoSEM perspective. Instead of optimizing the electricity system from
the viewpoint of one central planner, the model starts from the decisions and constraints of individ-
ual actors. These actor problems are combined into a market equilibrium, after which redispatch is
solved as a separate system operation. This makes it possible to trace how a regulatory design choice
changes private decisions and how these decisions lead to system-level outcomes. One market equi-
librium would not be enough for this purpose. Different siting outcomes can have the same energy-
and capacity market costs, while their consequences for the grid differ substantially.

The thesis therefore does not search for one technically optimal design. It compares how the different
designs move costs between capacity procurement and congestion management. This is also the
policy problem behind the model: improving deliverability can raise procurement costs, while cheaper
procurement can compromise deliverability.

1.5. Contribution and structure of the report
Across the four sub-questions, the main contribution of this thesis is the model it builds to study how lo-
cational capacity market designs affect capacity procurement, redispatch, and adequacy under network
constraints.

The system links decisions at different scales. Capacity investment is a long-term and spatial choice.
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The energy market clears over many periods. Redispatch acts on the detailed network. These are
not separate problems: the capacity mechanism and the energy market are interdependent, and redis-
patch then corrects the cleared dispatch for the network limits. Capturing all three at a resolution fine
enough to see congestion lets the model explode in size. Keeping it solvable took most of the modeling
effort. The market is solved as one equilibrium, redispatch as a separate stage, and the equilibrium is
reformulated to keep solving times feasible at case-study scale.

The report follows the sub-questions. Chapter 2 reviews the literature on locational signals in capacity
mechanisms. It explains why such signals are used, sorts them into design archetypes, and selects the
design that is compared with country-wide procurement in the rest of the thesis (SQ2). Chapter 3 sets
up the methodology. It first describes the actors and their interactions (SQ1), then formalizes them into
the equilibrium model, and develops the solution method that keeps the model solvable (SQ3). The
methodological contribution sits here. Chapter 4 applies the model to two case studies of the Dutch
system. The two case studies differ in the size of the underlying legacy system. One therefore requires
substantially more new capacity and allows more freedom in capacity siting, while the other already
has an almost sufficient system with less room for capacity movement. Chapter 5 presents the results.
It reports the capacity requirements and siting, followed by capacity market cost, redispatch, and grid-
related load shedding for each design (SQ3). Chapter 6 discusses these results: their limitations, how
they fit the literature, and what they imply for locational signal design (SQ4). Chapter 7 concludes by
answering the sub-questions and the research question.



2
Locational Signals in Capacity

Mechanisms

This chapter develops the locational capacity mechanism design used in the model. It first discusses
why locational signals are introduced and groups existing designs into three archetypes. It then reviews
the limited literature connecting locational capacity mechanisms with redispatch and discusses the
role of cross-zonal participation. The chapter concludes by translating these findings into the design
compared in this thesis.

2.1. The rationale behind locational signals in capacity mechanisms
The general argument for locational signals in capacity mechanisms is that transmission constraints
affect the value of capacity (Cruickshank et al., 2016). Three more specific rationales can be distin-
guished. Existing mechanisms mainly use locational signals to protect security of supply by ensuring
that procured capacity can be delivered. The reduction of congestion management needs appears
mostly in consultation documents and academic studies. A third rationale, the co-development of
generation and transmission, is mentioned less explicitly but connects the other two to the broader
discussion on coordinating grid and generation expansion.

2.1.1. Increase of security of supply
The argument found most clearly in practice is that procured capacity must be able to deliver during
scarcity. In an aggregate CM, the capacity of each generator is valued as if internal transmission
constraints did not exist. The lowest-bidding generators can therefore clear the auction even when
bottlenecks prevent their output from reaching the areas where it is needed. Resource adequacy must
consequently also be considered at a sub-regional level (Spees et al., 2013).

This issue also extends to disinvestment. A low aggregate capacity price may signal a generator to
leave the market even though its capacity remains locally necessary because of transmission con-
straints (Benedettini, 2013). Locational components are used to represent this difference in value. De-
pending on the market design, separate zones are created or individual load pockets are distinguished
from the rest of the system (Gill et al., 2025). An import-constrained area may require a minimum
amount of local capacity. In an export-constrained area, the amount of capacity that can count towards
the wider system requirement may instead be limited.

A locational signal can also ensure that enough capacity is available in the right part of the system
to make redispatch feasible (Thomassen & Fuhrmanek, 2025). The capacity mechanism then moves
beyond aggregate resource adequacy, also affecting deliverability or transmission adequacy. PJM
provides an illustrative example. Its Installed Reserve Margin meets a system-wide reliability criterion
without considering internal transmission constraints. Additional reliability requirements are imposed
for Locational Deliverability Areas (PJM, 2025).

8
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Gill et al. (2025) extend this reasoning beyond the electricity network. Other location-dependent infras-
tructures can also prevent a group of generators from delivering. Their example is the gas network: if
many generators in one area depend on the same component, its failure can compromise security of
supply.

2.1.2. Reduction of congestion management measures
Beyond ensuring deliverability, literature and policy documents also discuss locational capacity mecha-
nisms as a way to reduce ex-post congestion management. Both Hladik et al. (2020) and Thomassen
and Fuhrmanek (2025) introduce locational signals with this objective. Thomassen and Fuhrmanek
(2025) split the energy market bidding zones and let the capacity market follow the same spatial struc-
ture. They argue that capacity market zones should be at least as granular as the energy market.
Otherwise, the capacity market may weaken the locational signal already provided by energy prices.

Thomassen et al. (2024), however, question whether a locational capacity signal can materially reduce
redispatch. Newly procured plants are likely to be near the end of the merit order and may therefore
have little effect on ordinary energy market dispatch. Hladik et al. (2020) do observe lower redispatch
in a scenario with a nodal capacity market beneath the German single bidding zone. Their design
allocates new capacity according to congestion indicators: high positive redispatch is interpreted as
local generation scarcity, directing capacity towards those nodes.

Taken together, the literature does not point to one single role for locational capacity signals. They can
be introduced to preserve or strengthen existing locational price signals, or they can be constructed
directly from congestion indicators to reduce redispatch. At the same time, Thomassen et al. (2024)
question how strongly newly procured capacity can affect redispatch when it is rarely dispatched in the
energy market. Whether congestion reduction should determine the locational signal therefore remains
open.

2.1.3. Co-development of generation and transmission
The third rationale is the coordination of generation and transmission expansion. In Europe, private
actors can generally choose the location of new generation within broad planning and permitting con-
straints. Renewable generation ismainly sited according to resource availability (Thomaßen& Fuhrmanek,
2025), while other generators are also guided by their private costs rather than by where the network
benefits most (Nieto & Fraser, 2007). Transmission expansion by the regulated TSO is then expected
to follow these investment decisions (Gill et al., 2025).

In practice, grid development has often not matched the pace or location of new generation. Recent
German policy proposals, for example, consider removing redispatch compensation for newly built
renewables in areas identified as grid-constrained by the TSO (Siemer, 2026)1. The underlying idea is
that generation and transmission should be developed more jointly rather than treating grid expansion
as a reaction to generation siting.

Locational capacity market signals can contribute to this coordination (Gill et al., 2025). Capacity may
be directed around transmission constraints to protect security of supply, or towards locations that
reduce congestion outside scarcity periods. Co-development therefore connects the deliverability and
congestion rationales, even though it is less often stated as an explicit objective of existing capacity
mechanisms.

2.1.4. Key differences between EU and US
A central difference between the US and Europe is the spatial relationship between the capacity and
energy markets. In the US, capacity market zones usually aggregate several nodes of an already
locational energy market. In Europe, locational capacity arrangements are generally more granular
than the single-price energy market zone beneath them.

The US setup reflects two considerations. First, smaller capacity zones reduce liquidity and can in-
crease local market power (Cruickshank et al., 2016; McCullough et al., 2020). In an extreme case, a

1While the proposal itself had not been released at the time of writing, the Ministry of Economic Affairs confirmed the leaked
information and its intention to include the plans in the official proposal.
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zone has a pivotal supplier without whom the local requirement cannot be met. Withholding by that sup-
plier can then strongly affect the local capacity price (McCullough et al., 2020). Second, fragmentation
can increase procurement when separate zones or mechanisms do not recognize the contribution of
neighboring capacity (Bucksteeg et al., 2019). Cross-zonal participation is one way to limit this effect,
as discussed in Section 2.4.

A comparable aggregation across European countries faces substantial political and institutional bar-
riers. Capacity mechanisms remain closely connected to national adequacy preferences, economic
conditions, and security-of-supply responsibilities (Hickey et al., 2021; Roques, 2019). Even where
rules exist for simultaneous system stress, countries may be reluctant to rely fully on neighboring sys-
tems (Bucksteeg et al., 2019). Full integration is therefore difficult, while cross-border participation
offers a more limited form of coordination (Menegatti & Meeus, 2024). These concerns are less pro-
nounced within the area of one US system operator, where the same institutions and market rules apply
across the relevant zones.

The appropriate capacity market granularity therefore depends on the energy market beneath it. Where
nodal prices already guide investment, larger capacity zones can preserve liquidity while local require-
ments are added only where transmission constraints threaten deliverability during system stress. In a
European single-price zone, internal locational value is not reflected in the energy price. A locational
capacity component can then be used to ensure that procured capacity is available where it can deliver.

Taken together, the comparison does not point to one universally preferable spatial design. Where
the energy market already provides locational prices, capacity zones can remain broader and focus
on deliverability. Where it does not, a locational capacity component may have to provide part of that
signal itself. The archetypes in the next section organize the main ways in which this relationship is
implemented.

2.2. Archetypes of capacity mechanisms with locational signals
Real-world implementations and academic proposals can be grouped according to how the spatial
structure of the capacity mechanism relates to the underlying energy market. Table 2.1 summarizes
three archetypes. A fuller overview of the individual market designs is provided in Appendix A.

Table 2.1: Archetypes of capacity mechanisms with locational signals, clustered by their spatial relationship to the energy
market. Per market implementation detail is given in Appendix A.

A—mirrors energy mar-
ket

B — aggregates energy
market nodes

C — local procurement
beneath an aggregate
market

Relation to
energy mar-
ket

Same spatial granularity;
CM follows the energy
market’s own nodes or
zones

CM zones aggregate sev-
eral energy market nodes,
nested or flat

Additional local procure-
ment is layered beneath
an aggregate energy and
capacity market

How zones
are defined

Inherited directly from the
energy market (nodal or
zonal)

Aggregated from nodes
on transmission con-
straints; nested (PJM),
flat (ISO-NE, CAISO) or
hybrid (NYISO, MISO)

Ad-hoc, TSO-selected
constrained areas layered
on one system-wide zone

How the loca-
tional signal
arises

From the energy market it-
self; the CM only mirrors it

From CM auction clear-
ing (PJM, ISO-NE) or a bi-
lateral quantity obligation
(MISO, NYISO, CAISO)

Selective TSO interven-
tion or a one-off tender,
not a systematic price

Used in Chile (nodal), Italy (zonal) PJM, ISO-NE, MISO, NY-
ISO, CAISO

Ireland, France (Brittany),
Germany (south)

Key weak-
ness

Requires the energy mar-
ket to price locationally
(nodal or zonal); no signal
to mirror in a single-price
zone

Smaller zones raise mar-
ket power; cross-country
fragmentation risks over-
procurement

Targeted, not integrated:
treats symptoms, not the
CM design itself
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2.2.1. Archetype A - CM mirroring the energy market
The first archetype is a capacity mechanism that applies the same spatial granularity as the energy
market. The locational signal emerges from the energy market, which the capacity market follows by
having a different price for capacity per zone or node. Chile is one of the examples that uses this
archetype. In general, Chile has a unique energy market design compared to European markets, as
it uses a nodal market with locational prices. Furthermore, generators do not bid in the wholesale
market, but declare their technical and cost parameters to the central authority, which then dispatches
plants in ascending cost order (Serra, 2022). These characteristics are carried over into the capacity
mechanism. Capacity payments are different across all 49 nodes of the underlying energy market
(Eicke et al., 2020). Instead of an auction, the central authority again calculates prices and volumes
administratively ex-post (ECCO International, 2024; Eicke et al., 2020).

The example for this archetype in Europe is Italy and its zonal capacity auction. The auction accounts
for transmission constraints and produces a different capacity price for each bidding zone, mirroring
the zonal structure of the day-ahead energy market (Papavasiliou, 2021). The crucial point is that Italy
can use this archetype because its day-ahead market is already split into bidding zones, so a locational
signal exists for the capacity auction to mirror. The Italian network structure helps explain why this ar-
rangement is suitable. The peninsula is built around parallel north–south links with few interconnections
in between (ENTSO-E, n.d.), so it is far less meshed than most European grids. Because important
constraints follow relatively clear north–south boundaries, the bidding zones can represent part of the
underlying locational value. In a more meshed network, transmission constraints are less likely to align
with simple zonal borders.

2.2.2. Archetype B - CM aggregating energy market nodes
The defining feature of this archetype is that the underlying energy market is spatially more granular
than the capacity market: capacity zones aggregate energy nodes, but only as far as transmission
constraints allow. It is the structure found across US markets, and the variation within the group lies in
how the zones are shaped.

PJM uses nested Locational Deliverability Areas (LDAs) (PJM, 2025). Starting from the system-wide
Regional Transmission Organization (RTO) zone, sub-zones split into progressively finer ones, as Fig-
ure 2.1 shows. As explained in subsection 2.1.1, the aggregate zone’s reliability target delivers resource
adequacy, while each constrained sub-zone adds a local requirement that delivers transmission ade-
quacy. The standard critique of this nesting is market power: the finer the sub-zones, the more often a
pivotal supplier emerges who can withhold capacity to inflate the local price (McCullough et al., 2020).

Figure 2.1: Example of the nested structure in the PJM market (PJM, 2025).

ISO-NE and CAISO instead use flat zones: one rest-of-system zone from which only constrained zones
are separated (Draghi et al., 2025; ISO New England, 2026; Spees et al., 2013). NYISO and MISO sit
between the two, mostly flat but with some nesting (MISO, 2026; NYISO, 2023). Across all of them the
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same logic recurs: a system-wide reliability target, a local requirement for each constrained zone set
against that zone’s import capability, and a feasibility check that re-clears the auction if the procured
capacity cannot physically be delivered. The detailed per market rules (local requirements, import and
export limits, and feasibility tests) are collected in Appendix A.

How the locational price arises depends on procurement. PJM and ISO-NE clear central forward auc-
tions, so the locational signal is the zonal auction price (ISO New England, 2026; Lawson, 2025; PJM,
2025). MISO, NYISO and CAISO procure mostly bilaterally, with the auction only a residual or fallback
mechanism, so there the locational signal works through the obligation to procure locally rather than
through a cleared price (Draghi et al., 2025; MISO, 2026; NYISO, 2026; Papavasiliou, 2021; Spees
et al., 2013).

2.2.3. Archetype C - Local procurement beneath an aggregate market
The third archetype is found mainly in Europe. Rather than splitting the main capacity mechanism into
stable locational zones, it adds selective local procurement beneath an otherwise aggregate market.

In Ireland, transmission constraints are not represented directly in the auction. Resources in favorable
parts of the system can nevertheless be accepted at their bid price even when they are out of the money
and do not contribute to the main capacity target (Papavasiliou, 2021). Procurement can therefore
exceed the target. The locational signal results from a selective TSO decision rather than from a
systematic zonal price.

France operates an aggregate capacity mechanism without an integrated treatment of internal bottle-
necks (Papavasiliou, 2021). A separate locational tender was introduced for the import-constrained
Brittany region, but this was a targeted intervention layered on top of the system-wide mechanism
(Eicke et al., 2020). Germany similarly combines a system-wide strategic reserve with separate local
capacity procurement. Plants in the south were procured to provide redispatch services and did not
participate in other markets (Eicke et al., 2020; Papavasiliou, 2021).

Outside Italy, European capacity mechanisms therefore generally do not contain an integrated loca-
tional component. Several countries nevertheless procure capacity separately in transmission-constrained
areas. These arrangements show that missing locational signals are recognized, but they address the
issue through additional interventions rather than through the capacity market design itself.

2.3. Locational capacity mechanisms and redispatch in literature
Locational capacity mechanisms are most established in markets that already use locational energy
prices, as in Archetype B. There, local capacity requirements mainly ensure that procured capacity can
be delivered during system stress. Ordinary congestion is already reflected in the energy market. In
European single-price zones, internal congestion is instead managed through redispatch, while the ca-
pacity mechanisms generally lack an integrated locational component. Only a small number of studies
therefore examine how a locational capacity mechanism interacts with congestion outcomes under a
more aggregate energy market.

Hladik et al. (2020) focus on the future of congestion management in Germany. They test several
market designs for their ability to reduce congestion, including a nodal capacity market beneath the
single-zone energy market. Nodes with high positive redispatch are interpreted as having scarce gen-
eration, and new capacity is directed towards them. The study observes lower redispatch volumes
under this design.

The study does not, however, report capacity mechanism costs. The authors also identify a limitation
of their congestion indicator: a node with positive redispatch already has enough capacity to increase
output, while nearby nodes without this ability may be more in need of investment. In addition, the
mechanism is not anchored in an explicit reliability target. It is primarily used to steer investment
towards congested locations. The study therefore shows that a locational capacity mechanism can
reduce redispatch, but not how the resulting design affects procurement or adequacy.

Thomassen and Fuhrmanek (2025) also analyze locational capacity mechanisms in Europe, but as one
element of a broader package that includes bidding-zone reform and locational renewable support. The
effects of the capacity mechanism cannot therefore be isolated. Moreover, the capacity zones follow
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the new energy market split, which differs from the combination of a locational capacity mechanism
and one aggregate energy market zone studied here. The capacity mechanism is represented through
revenue-gap payments rather than through explicit market clearing, so its procurement costs are not
observed. The study nevertheless supports the view that locational capacity can reduce congestion or
make redispatch feasible.

The third paper is Lété et al. (2026). They model generation investment under zonal electricity pricing
with market-based redispatch and show that “ghost plants” can be built to profit from the difference
between the zonal energy price and nodal redispatch prices. A locational capacity market can offset
these arbitrage incentives by rewarding capacity where it is genuinely needed. This is a specific market-
based redispatch problem, and the paper does not evaluate the capacity mechanism trade-off studied
here. It does, however, provide a clear explanation of why locational investment signals matter in a
zonal energy market.

The strategic redispatch incentive identified by Lété et al. (2026) is specific to market-based redispatch.
Under cost-based redispatch, generators are compensated at cost and do not receive the same ar-
bitrage incentive. The redispatch design therefore matters when interpreting the role of a locational
capacity mechanism.

The literature gap is therefore twofold. The studies reviewed do not report the procurement cost of an
integrated, reliability-anchored locational capacity mechanism, and they do not examine how different
levels of cross-zonal contribution change its outcomes. As the capacity market costs are not explicitly
modeled, overprocurement of more expensive capacity is therefore not an issue. Where there is no
issue, there is no solution. Thus cross-zonal participation is out of their scope.

2.4. Cross-zonal participation
When local capacity requirements are assessed independently, they may ignore capacity that can be
delivered from neighboring zones. In the wider literature, cross-zonal or cross-border participation is
used to recognize this contribution and can reduce both local procurement and total procurement costs
(Bucksteeg et al., 2019; Cepeda, 2018). The European debate usually concerns participation between
countries (Menegatti & Meeus, 2024), but the same principle can be applied to internal capacity zones.

Twomain forms are distinguished. Under implicit participation, the expected contribution of neighboring
resources is deducted from the importing zone’s requirement without those resources bidding directly
or receiving remuneration in that market (Höschle, Le Cadre, & Belmans, 2018; Roques, 2019). Under
explicit participation, neighboring generators or interconnectors participate directly and receive remu-
neration up to a de-rated interconnection capacity (Höschle, Le Cadre, & Belmans, 2018). In both
cases, the reliability of the credited contribution is central. Höschle, Le Cadre, and Belmans (2018)
show that overestimating it can lower the reserve margin below the adequacy target, while underesti-
mating it causes additional investment and higher costs. Adekola et al. (2026) find a similar trade-off:
implicit participation lowers costs but can also lead to energy not served.

Both forms require a rule for how much capacity can be credited across a boundary. A de-rated transfer
limit provides a relatively simple representation, while a flow-based approach can account more directly
for simultaneous network interactions (Adekola et al., 2026).

2.5. Conclusion
The review leads to a nested capacity market design adapted to a European single-price energy market.
A system-wide requirement provides aggregate resource adequacy, while local requirements are added
for transmission-constrained zones to ensure that part of the procured capacity is located where it can
contribute during scarcity. The structure follows the deliverability logic of Archetype B, while retaining
the zonal energy market and cost-based redispatch used in Europe.

Cross-zonal participation is included to recognize that capacity in one zone may contribute to the re-
quirement of another. The model follows the logic of implicit participation because generators do not
bid across zones or receive separate cross-zonal remuneration. To keep the overall zonal obligation
fixed, the contribution is represented as a signed reallocation between zones rather than as a one-sided
deduction. The permitted reallocation is bounded by σ ·MEC, with σ varying how strongly zones can
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Why Archetype B (§2.1.4): a single-price zonal market hides lo-
cational value, so aggregate resource adequacy does not guaran-

tee deliverability ⇒ adapt the nested structure to the European zone.

Why & which form
(§2.1–§2.2)

Modeled design
(§2.5)

Enters the model
(Ch. 3, Fig. 3.1)

Rationale: resource
adequacy (current EU
practice)

Archetype B: system-
wide reliability target

System-wide ade-
quacy requirement

Aggregate capacity
requirement (capacity-

demand agent)

Rationale: §2.1.1 secu-
rity of supply / deliver-
ability

Archetype B: local-
feasibility check on con-
strained zones

Local requirements
on transmission-
constrained zones

CM zone definitions
+ local requirement

Rationale: recognize
deliverable contributions
from neighboring zones

§2.4: cross-zonal par-
ticipation and transfer
limits

Zero-sum reallocation
bounded by σ ·MEC

Swept parameter
σ on zonal obli-
gation transfers

§2.1.2 congestion reduction is not used to construct the signal. The requirements target de-
liverability; redispatch and grid-related load shedding are evaluated as resulting outcomes.

Figure 2.2: The modeled design follows from the review. Each element is derived from a rationale (§2.1) and an archetype
(§2.2, grey arrows) and enters the model of Chapter 3 (green arrows).

rely on neighboring capacity.

Figure 2.2 summarizes how the selected design enters the model. The system-wide and local require-
ments are represented by the capacity-demand agent, the zonal structure defines where capacity is
procured, and σ · MEC determines how far the obligation can be shifted across zones. The model
then compares the procurement-cost implications of these locational requirements with the resulting
redispatch and adequacy outcomes.



3
Methodology

The modeling method applied in this study is mathematical programming. This chapter presents the
conceptual and formal model, ending with a proof of concept on a small system before the model is
applied to the Dutch case study. The conceptual model is developed first by defining the actors, the
three market processes, and the interactions between them. Afterwards, the individual optimization
problem of each actor is formalized together with its objective, decision variables, and inputs. The
market-clearing conditions linking the actors are stated as well.

The actor problems are then combined into a Mixed Complementarity Problem (MCP). The MCP repre-
sents the complete game and includes the energy market, capacity market, investment decisions, and
redispatch. Since the resulting complementarity system can have multiple equilibria, different reformu-
lations are considered to explore its solution space. A full primal-dual formulation is introduced first.
Because embedding redispatch creates a large number of bilinear terms, the model is subsequently
decomposed into a first-stage market equilibrium and a second-stage redispatch problem. The first-
stage equilibrium is initially retained as a primal-dual MPEC. It is then transformed into a Mixed-Integer
Linear Problem (MILP) by directly linearizing its complementarity conditions. Based on computational
performance, the sequential solution method consisting of a first-stage MILP and a second-stage LP
is selected for the case study.

3.1. Conceptual model
The core processes of the model are the capacity market, the energy market, and the redispatch mech-
anism. This section describes how these processes operate and how the actors connect through them.
The complete conceptual structure is summarized in Figure 3.1. The individual optimization problems
follow in Section 3.2.

The capacity market secures sufficient firm capacity through centralized, volume-based procurement.
The system operator sets an administratively determined target volume, and capacity is procured until
that target is met. Accepted generators receive the market-clearing price. The design is extended with
the locational elements identified in Chapter 2 by introducing a nested structure with one system-wide
requirement and several zonal requirements. Capacity in one zone can contribute to the requirement
of another zone within predefined transfer limits.

The capacity market is the intervention point of this study. Investable generators compare their ex-
pected revenues from the energy and capacity markets with their fixed costs. The spatial definition
of the capacity requirements therefore affects where new capacity can recover its costs and, conse-
quently, where investment takes place.

The energy market represents the zonal market design applied in most European countries (Gomez
et al., 2019). The bidding zone covers the entire modeled system, and internal transmission constraints
are not considered during market clearing. Generators offer their available output at marginal cost. Un-
der the assumption of perfect competition, this is the dominant bidding strategy. The market dispatches

15
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generators in ascending marginal cost order until supply equals served demand. The outcome consists
of a uniform energy price and a dispatch schedule for every generator. Lastly, the energy market op-
erates with a price cap, that prevents controllable generators to regain their fixed costs during scarcity
events (Fabra, 2018). The price cap therefore motivates the introduction of the capacity market in the
first place.

Since the energy market does not consider the internal grid, its dispatch may violate transmission limits.
Redispatch is the ex-post correction of this market outcome (Poplavskaya et al., 2020). The redispatch
operator calculates the flows resulting from the market dispatch and changes generator output where
necessary. Some generators increase output through upward redispatch, while others reduce output
through downward redispatch. If the available redispatch options are insufficient to restore network
feasibility, grid-related load shedding is used as a last resort.

Cost-based redispatch is chosen instead of market-based redispatch for two reasons. First, it avoids
the additional complexity of strategic behavior in the redispatch market (Grimm et al., 2022; Martin et al.,
2022). Second, without redispatch anticipation and strategic behavior, cost-based and market-based
redispatch produce the same physical outcome (Hirth & Schlecht, 2020). Cost-based redispatch also
means that generators do not earn an additional profit from being redispatched. Upward redispatch
covers the additional variable costs, while downward redispatch compensates the generator for the fore-
gone energy market margin. Redispatch therefore does not create an additional locational investment
signal in the model.

The capacity mechanism and the energy market are interdependent. Although capacity procurement
takes place before delivery in practice, generators base their investment decisions on expected energy
market revenues. At the same time, their investment decisions determine the generation available in
the energy market. The expected energy price therefore affects investment, while investment changes
the market supply curve.

Redispatch is operationally sequential. The redispatch operator takes the energy market dispatch as
given and changes it only to restore network feasibility. Capacity siting affects the market dispatch,
which in turn determines the available redispatch options and the resulting congestion outcomes. This
chain, from capacity siting through energy market dispatch to redispatch, is the mechanism through
which locational capacity market signals affect congestion.

Within the complete game, the redispatch operator is nevertheless represented as an actor. Its op-
timization problem is included together with those of the generators and demand agents, while the
market dispatch enters its problem as an input. The complete MCP therefore contains the energy
market, capacity market, investment decisions, and redispatch. Only when the computational solution
methods are introduced is this game decomposed into a first-stage market equilibrium and a separate
second-stage redispatch problem.

The generator decisions can be summarized as follows. Renewable generators offer their available
generation in the energy market and do not participate in the capacity market. Legacy controllable
generators participate in both markets, but their installed capacity is fixed. Investable controllable gen-
erators additionally choose their available capacity. Their investment decision depends on expected
energy- and capacity market revenues relative to fixed costs. Since redispatch is cost-neutral, redis-
patch revenues do not enter this decision. Investable generators are therefore the actors through which
a locational capacity market signal changes the spatial distribution of capacity.

The setup assumes perfect information, perfect competition, and risk-neutral decision-making. Risk
aversion is often included in capacity-expansion problems and can contribute to the need for a capacity
mechanism (Fraunholz et al., 2023). In this study, however, the existence of the capacity mechanism
is taken as given. The focus lies on its locational design. Risk aversion is therefore excluded to keep
the model as simple as possible.
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Figure 3.1: Conceptual model showing the actors, their objectives, and their interactions.

3.2. Individual actor problems
The term actor is used broadly. An actor can be an individual entity, such as a generator, or an aggrega-
tion, such as the capacity demand agent. Actors are distinguished by their objectives and constraints.
This section formalities the optimization problem of each actor and defines the variables and parame-
ters connecting it to the rest of the system.

The energy and redispatch models are indexed by timesteps t ∈ T , each representing one hour. Rep-
resentative days are used instead of a full year. The parameter Wt gives the number of original hours
represented by timestep t. It multiplies objective terms representing annual revenues, costs, or en-
ergy volumes. Physical constraints apply separately to every representative hour and are therefore not
multiplied byWt. Variables shown in brackets next to constraints are the corresponding dual variables.
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3.2.1. Power generators
Each power generator maximizes its own profit. Three types of generator are distinguished. Renew-
able and controllable generators differ in their operational characteristics, while legacy and investable
generators differ in whether installed capacity is a decision variable. Table 3.1 summaries their deci-
sions and constraints.

Table 3.1: Generator classification: decision variables and constraints by type.

Generator
type

Dispatch
type

Decision variables Key constraints

Legacy

Controllable

Energy market offer Generation bounded by installed ca-
pacity

Capacity market offer Capacity offer bounded by installed
capacity multiplied by the de-rating
factor

Renewable

Energy market offer Generation bounded by installed ca-
pacity multiplied by the time-varying
availability factor

— No capacity market participation

Investable Controllable

Available capacity Capacity bounded by maximum in-
stallable capacity

Energy market offer Generation bounded by available
capacity

Capacity market offer Capacity offer bounded by de-rated
available capacity

The investable generator i ∈ I chooses energy market dispatch qt,i, available capacity ci, and capacity
market offer ccmi . Its parameters are variable cost vci, fixed cost fci, maximum installable capacity capi,
and capacity market de-rating factor αi. The energy price λe

t and zonal capacity price λc
z(i) are taken

as given.

max
qt,i≥0, ci≥0, ccmi ≥0

∑
t∈T

Wt(λ
e
t − vci)qt,i − fcici + λc

z(i)c
cm
i (3.1a)

s.t. qt,i ≤ ci (µq
t,i) ∀t (3.1b)

ci ≤ capi (µcap
i ) (3.1c)

ccmi ≤ αici (µcm
i ) (3.1d)

The legacy generator j ∈ J does not make an investment decision. Its installed capacity capj is fixed.
Dispatch is limited by installed capacity multiplied by the time-dependent availability factor at,j . For
controllable generators, at,j = 1. The capacity market de-rating factor αj equals zero for renewable
generators and one for the controllable legacy generators included in the capacity mechanism.

max
qt,j≥0, ccmj ≥0

∑
t∈T

Wt(λ
e
t − vcj)qt,j + λc

z(j)c
cm
j (3.2a)

s.t. qt,j ≤ at,jcapj (µq
t,j) ∀t (3.2b)

ccmj ≤ αjcapj (µcm
j ) (3.2c)

The investable and legacy generators jointly form the set
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G = I ∪ J (3.3)

Whenever both types are included in one equation, the index g ∈ G is used.

3.2.2. Demand agents
The demand agents are divided into energy demand and capacity demand. Both interact with the
generators through market-clearing conditions, but their objectives and constraints differ.

Energy demand
The energy-demand agent serves demand up to its willingness to pay. Its decision variables are served
demand Dt and energy market load shedding lsemt . The inelastic demand parameter is Dmax

t , while
V OLLem represents the willingness to pay and the administrative energy market price cap.

max
Dt≥0, lsemt ≥0

∑
t∈T

Wt(V OLLem − λe
t )Dt (3.4a)

s.t. Dt + lsemt = Dmax
t (ξt) ∀t (3.4b)

Dt ≤ Dmax
t (κt) ∀t (3.4c)

Capacity demand
The capacity demand agent procures firm capacity in every zone and for the system as a whole. The
system-wide requirement represents aggregate resource adequacy. The zonal requirements add a
simplified locational deliverability condition by requiring capacity to be procured within different parts of
the system. They do not constitute a complete transmission-adequacy assessment, since intra-zonal
constraints and the simultaneous deliverability of several cross-zonal contributions are not represented
in the capacity market clearing.

The agent chooses procured capacity cdemz in every zone and a signed capacity contribution fab for
each unordered zone pair (a, b) ∈ P . Its parameters are the zonal capacity requirements dcz, the
system requirement dc, and the Maximum Entry Capacity MECab. The parameter σ determines the
share of each MEC that can be used for cross-zonal participation.

The signed net contribution received by zone z is

ηz =
∑

(a,b)∈P:a=z

fab −
∑

(a,b)∈P:b=z

fab (3.5)

For a pair (a, b), a positive fab represents a contribution from zone b to zone a. The contribution in
the opposite direction is represented by a negative value, so the same contribution cannot be counted
twice.

min
cdemz ≥0, fab

∑
z∈Z

λc
zc

dem
z (3.6a)

s.t. cdemz ≥ dcz − ηz (νz) ∀z (3.6b)∑
z∈Z

cdemz ≥ dc (λc,sys) (3.6c)

dcz − ηz ≥ 0 (ρz) ∀z (3.6d)
− σMECab ≤ fab ≤ σMECab (ϕlo

ab, ϕ
hi
ab) ∀(a, b) ∈ P (3.6e)

Equation (3.6b) defines the effective zonal requirement after cross-zonal contributions. Equation (3.6c)
preserves the system-wide adequacy floor. Equation (3.6d) prevents the effective requirement of a zone
from becoming negative, while Equation (3.6e) limits the contribution between each pair of zones.
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3.2.3. Redispatch operator
The redispatch operator minimizes the cost of restoring network feasibility after the energy market has
cleared. Its decision variables are upward redispatch r+t,g, downward redispatch r−t,g, and grid-related
load shedding lsgridn,t .

The energy market dispatch qt,g is taken as given by this actor. Available output is denoted by qt,g. For
an investable generator, qt,i = ci. For a legacy generator, qt,j = at,jcapj .

Energy market load shedding is distributed across nodes according to their demand shares. Let sn
denote the share of system demand at node n. The nodal demand remaining after energy market load
shedding is

dservedn,t = dn,t − snls
em
t (3.7)

The redispatch objective contains a mark-up x on both upward and downward redispatch. Following
Kenis et al. (2024), this prevents additional redispatch that is not needed to restore network feasibility.
The mark-up affects the optimization but is excluded from the redispatch-cost measure reported in the
results. Its sensitivity is examined in Table 3.14.

min
r+t,g≥0, r−t,g≥0, lsgridn,t ≥0

∑
t∈T

Wt

[∑
g∈G

(
(vcg + x)r+t,g + (−vcg + x)r−t,g

)
+ V OLLgrid

∑
n∈N

lsgridn,t

] (3.8a)

s.t. r+t,g ≤ qt,g − qt,g (β
q

t,g) ∀t, g (3.8b)

r−t,g ≤ qt,g (β
−
t,g) ∀t, g (3.8c)

lsgridn,t ≤ dservedn,t (γn,t) ∀t, n (3.8d)∑
g∈G

r+t,g −
∑
g∈G

r−t,g +
∑
n∈N

lsgridn,t = 0 (λRD
t ) ∀t (3.8e)

− Fl ≤ pflowl,t ≤ Fl (ρ
l,t
, ρl,t) ∀l, t (3.8f)

pflowl,t =
∑
n∈N

PTDFl,np
inj
n,t (ϕl,t) ∀l, t (3.8g)

with pinjn,t =
∑
g∈Gn

(
qt,g + r+t,g − r−t,g

)
− dservedn,t + lsgridn,t , ∀n, t.

(3.8h)

Equations (3.8b) and (3.8c) limit redispatch by the available upward headroom and the market dispatch.
Equation (3.8d) prevents grid-related load shedding from exceeding the nodal demand still served after
the energy market. Equation (3.8e) balances downward redispatch with upward redispatch and grid-
related load shedding. Equations (3.8f)–(3.8h) impose the DC power-flow constraints.

3.2.4. Market clearing
The actor problems are linked through the energy- and capacity market clearing conditions. The energy
market clears when total dispatch equals served demand. The capacity market clears in each zone
when procured capacity equals the capacity offered by generators located in that zone.
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∑
g∈G

qt,g = Dt (λe
t ) ∀t (3.9a)

∑
g∈G:z(g)=z

ccmg − cdemz = 0 (λc
z) ∀z (3.9b)

The dual variables of these conditions are the energy price λe
t and the zonal capacity prices λc

z, which
the individual actors take as given.

3.3. Mixed Complementarity Problem
Each actor solves its own optimization problem subject to its own constraints. The Karush–Kuhn–
Tucker conditions of all actor problems can be combined with the market-clearing conditions to form
one equilibrium problem. The resulting formulation is a Mixed Complementarity Problem.

The general construction of an MCP is provided in Appendix C.1. The actor-specific Lagrangians and
optimality conditions are collected in Appendix C.3. Keeping these derivations in the appendix allows
the methodology chapter to focus on how the actor problems are connected and how the resulting
equilibrium is solved.

Figure 3.2: General structure of equilibrium problems (Gabriel et al., 2013).

The complete MCP combines the optimality conditions of the investable generators, legacy generators,
energy-demand agent, capacity demand agent, and redispatch operator. The energy- and capacity
market clearing conditions in Equations (3.9a) and (3.9b) connect the market actors. The redispatch
problem is linked to the remaining actors through the market dispatch qt,g, available output qt,g, and
served nodal demand dservedn,t .

Redispatch remains operationally sequential because the redispatch operator takes the market out-
come as given. Within the complete game, however, its optimality conditions form part of the same
complementarity system. The sequential solution methods introduced below decompose this game by
solving the energy- and capacity market equilibrium first and the redispatch problem afterwards.

Every individual actor problem is linear and therefore convex. The combined complementarity system
nevertheless has a non-convex feasible set. Several equilibria can consequently exist.

This is particularly relevant for capacity siting. Investment is determined by energy and capacity market
profitability, while the outcomes are also evaluated through redispatch. Since redispatch is cost-neutral
to generators, it does not affect their investment decisions. Several spatial investment patterns can
therefore be equivalent for the market actors while producing different network flows and redispatch
outcomes. A single solver-selected equilibrium would reveal only one of these possible congestion
outcomes.

3.4. Solution-space exploration
The solution space is explored to reduce dependence on a single solver-selected equilibrium. The aim
is not to assign probabilities to the equilibria. Instead, the exploration searches for spatially different
capacity-siting outcomes and reports the resulting minimum–maximum ranges of congestion outcomes.
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Three solution methods were developed. The first is a full primal-dual MPEC that retains all actors,
including redispatch, in one formulation. The second separates redispatch from the market equilibrium
but retains a primal-dual formulation for the first stage. The third keeps the same sequential structure
but replaces the first-stage complementarity conditions with disjunctive constraints.

The methods are assessed according to whether they represent the intended actor problems and
whether they solve within feasible time at the scale of the case study. The proof of concept compares
the methods on a traceable system in Subsection 3.5.2. Computational performance at case-study
scale is reported in Section 5.1 and Appendix D.

3.4.1. Full primal-dual MPEC
The first solution method reformulates the complete MCP through primal feasibility, dual feasibility, and
strong duality following (Dimanchev et al., 2024). For each linear actor problem, these conditions are
equivalent to its KKT conditions. Primal feasibility follows from the actor problems in Section 3.2. The
corresponding dual-feasibility and strong-duality equations are provided in Appendix C.3.

The individual primal-dual reformulations were verified separately using Dualization.jl (Legat et al.,
2026). For each actor, the objective value of the primal problem was compared to the objective value
of the automated dual problem from Dualization.jl and the manual dual problem. All three values
being equal proved the correctness of strong duality.

The actor problems are connected through the energy- and capacity market clearing conditions in
Equations (3.9a) and (3.9b). A secondary objective is added to select between equilibria that are
equivalent for the individual actors. The full formulation is solved once by minimizing and once by
maximizing

Cexpl =
∑
t∈T

Wt

∑
g∈G

vcg
(
r+t,g − r−t,g

)
+ V OLLgrid

∑
n∈N

lsgridn,t

 . (3.10)

This objective is not part of the original game. It is used only to select between equilibria at different
ends of the redispatch-cost range. The redispatch operator itself remains optimal with respect to the
mark-up-inclusive objective in Equation (3.8a)

Themain computational difficulty enters through the redispatch strong-duality equation in Appendix C.3.5.
Its dual objective contains the product

fmkt
l,t ϕl,t, (3.11)

where the pre-redispatch market flow is

fmkt
l,t =

∑
n∈N

PTDFl,n

∑
g∈Gn

qt,g − dservedn,t

 (3.12)

Substituting Equation (3.12) into Equation (3.11) gives

fmkt
l,t ϕl,t =

∑
n∈N

∑
g∈Gn

PTDFl,n qt,gϕl,t︸ ︷︷ ︸
bilinear

−
∑
n∈N

PTDFl,nd
served
n,t ϕl,t (3.13)

Both qt,g and ϕl,t are endogenous to the full model. The first term therefore creates one bilinear product
for every relevant generator–line–timestep combination. Their number grows approximately with
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|T | × |G| × |L|. (3.14)

The difficulty is amplified by the PTDF structure. In a meshed network, an injection at one node affects
the flows on many lines. The dispatch of almost every generator can therefore become bilinearly
coupled with the congestion dual variables of several transmission lines.

Other bilinearities remain in the full primal-dual formulation, including products between energy prices
and dispatch and between capacity prices and capacity offers. These products are more local. The
PTDF-induced products in Equation (3.13), by contrast, create dense coupling between generators and
transmission constraints throughout the network.

For a system with |T | = 240 representative hours, |G| = 40 generators, and |L| = 25 lines, the re-
dispatch strong-duality equation alone introduces up to 240,000 generator–line–timestep products. Re-
ducing the number of nodes, lines, or timesteps lowers this number, but the reduction would have to
be substantial before the formulation becomes tractable. This would remove much of the spatial or
temporal detail required for the case study.

The individual primal-dual actor formulations remain valid, but coupling them in one model creates
a large MPEC dominated by the PTDF-related bilinearities. The next method therefore removes the
redispatch block from the first-stage equilibrium and solves it separately.

3.4.2. Sequential primal-dual
The sequential primal-dual formulation separates the redispatch operator from the market equilibrium.
The first stage retains the same primal-dual formulations of the investable generators, legacy genera-
tors, energy-demand agent, and capacity demand agent as the full formulation. These equations are
provided in Appendix C.3. The redispatch block in Appendix C.3.5 is omitted from the first stage.

Once the market equilibrium has been solved, the resulting dispatch, available capacities, and energy
market load shedding are fixed and passed to the redispatch problem in Equation (3.8). The second
stage is therefore an LP.

Since redispatch is not available when the first stage is solved, Equation (3.10) cannot be used as its
secondary objective. Instead, one positive and one negative exploration direction are defined for every
PTDF row:

W = {PTDFl,·,−PTDFl,· | l ∈ L} (3.15)

For every w(k) ∈ W , the first-stage objective is

max
∑
i∈I

w
(k)
n(i)ci (3.16)

where n(i) denotes the node of investable generator i. Positive and negative PTDF rows direct capacity
towards different parts of the network. Repeating the model for all vectors in W therefore produces
spatially different siting outcomes. The objective has no economic interpretation and does not assign
probabilities to the resulting equilibria.

Separating redispatch removes the dense generator–line bilinearities in Equation (3.13). The first-
stage strong-duality equations nevertheless still contain products between endogenous market prices
and quantities. The sequential primal-dual formulation is therefore smaller than the full MPEC, but
remains non-convex and does not solve within feasible time at case-study scale.

3.4.3. Sequential MILP
The sequential MILP retains the same two-stage structure and the same exploration objective in Equa-
tion (3.16). The difference lies only in the representation of the first-stage equilibrium. Rather than
imposing primal feasibility, dual feasibility, and strong duality, the first-stage KKT conditions are used
directly and their complementarity conditions are linearized through binary variables.
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Disjunctive reformulation
Following Gabriel and Leuthold (2010), a complementarity condition

0 ≤ u ⊥ v ≥ 0 (3.17)

is replaced by

0 ≤ u ≤ Ku(1− r), 0 ≤ v ≤ Kvr, r ∈ {0, 1} (3.18)

At least one of u and v must equal zero. Both can also be zero. The constants Ku and Kv have to
be sufficiently large not to exclude feasible equilibria, but unnecessarily large values weaken the MILP
formulation.

The bounds used in this study are derived from physical generation capacities, maximum demand,
permitted cross-zonal contributions, representative-period weights, and the price limits of the energy
and capacity markets. Common category-specific bounds are used instead of separate values for
every generator, zone, and timestep. Their definitions and derivations are provided in Appendix C.4.
Their adequacy is tested in the proof of concept by multiplying all bounds by 100. Since the market
and redispatch outcomes remain unchanged, the selected values do not appear to restrict the relevant
solution space.

First-stage market equilibrium
For every exploration vector w(k) ∈ W , the first-stage MILP maximizes Equation (3.16). The energy-
demand balance in Equation (3.4b) is substituted into the energy market clearing condition in Equa-
tion (3.9a). This gives

∑
g∈G

qt,g + lsemt = Dmax
t ∀t (3.19)

The capacity market clearing condition is unchanged and is reused directly as Equation (3.9b).

The energy and capacity prices are bounded by

0 ≤ λe
t ≤ V OLLem ∀t (3.20a)

0 ≤ λc
z ≤ λc ∀z (3.20b)

0 ≤ λc,sys ≤ λc (3.20c)

For investable generators, the complementarity conditions are replaced by
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0 ≤ qt,i ≤ Kq(1− rq,It,i ) ∀t, i (3.21a)

0 ≤ −Wt(λ
e
t − vci) + µq

t,i ≤ K
q,I

rq,It,i ∀t, i (3.21b)

0 ≤ ci − qt,i ≤ K̃q,I(1− rµq,It,i ) ∀t, i (3.21c)

0 ≤ µq
t,i ≤ K̂µq

rµq,It,i ∀t, i (3.21d)
0 ≤ ci ≤ Kc(1− rci ) ∀i (3.21e)

0 ≤ fci −
∑
t∈T

µq
t,i + µcap

i − αiµ
cm
i ≤ K

c
rci ∀i (3.21f)

0 ≤ capi − ci ≤ K̃cap(1− rcapi ) ∀i (3.21g)

0 ≤ µcap
i ≤ K̂µcap

rcapi ∀i (3.21h)

0 ≤ ccmi ≤ αicapi(1− rcm,I
i ) ∀i (3.21i)

0 ≤ −λc
z(i) + µcm

i ≤ K
cm

rcm,I
i ∀i (3.21j)

0 ≤ αici − ccmi ≤ K̃cm,I(1− rµcm,I
i ) ∀i (3.21k)

0 ≤ µcm
i ≤ K̂µcm

rµcm,I
i ∀i (3.21l)

For legacy generators, the corresponding conditions are

0 ≤ qt,j ≤ at,jcapj(1− rq,Jt,j ) ∀t, j (3.22a)

0 ≤ −Wt(λ
e
t − vcj) + µq

t,j ≤ K
q,J

rq,Jt,j ∀t, j (3.22b)

0 ≤ at,jcapj − qt,j ≤ K̃q,J (1− rµq,Jt,j ) ∀t, j (3.22c)

0 ≤ µq
t,j ≤ K̂µq

rµq,Jt,j ∀t, j (3.22d)

0 ≤ ccmj ≤ αjcapj(1− rcm,J
j ) ∀j (3.22e)

0 ≤ −λc
z(j) + µcm

j ≤ K
cm

rcm,J
j ∀j (3.22f)

0 ≤ αjcapj − ccmj ≤ K̃cm,J (1− rµcm,J
j ) ∀j (3.22g)

0 ≤ µcm
j ≤ K̂µcm

rµcm,J
j ∀j (3.22h)

The energy-demand condition becomes

0 ≤ lsemt ≤ Dmax
t ∀t (3.23a)

lsemt ≤ Kls(1− rlst ) ∀t (3.23b)

0 ≤ Wt(V OLLem − λe
t ) ≤ K

ls
rlst ∀t (3.23c)

For the capacity demand agent, the linearized conditions are
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0 ≤ cdemz ≤ Kdem(1− rdemz ) ∀z (3.24a)

0 ≤ λc
z − νz − λc,sys ≤ K

dem
rdemz ∀z (3.24b)

0 ≤ cdemz − dcz + ηz ≤ Kdem(1− rνz ) ∀z (3.24c)

0 ≤ νz ≤ K̂νrνz ∀z (3.24d)

0 ≤
∑
z∈Z

cdemz − dc ≤ Ksys(1− rsys), (3.24e)

0 ≤ λc,sys ≤ K̂λc,sys

rsys, (3.24f)
0 ≤ dcz − ηz ≤ Kdem(1− rρz) ∀z (3.24g)

0 ≤ ρz ≤ K̂ρrρz ∀z (3.24h)
0 ≤ fab + fab ≤ 2fab(1− rloab) ∀(a, b) ∈ P (3.24i)

0 ≤ ϕlo
ab ≤ K̂ϕrloab ∀(a, b) ∈ P (3.24j)

0 ≤ fab − fab ≤ 2fab(1− rhiab) ∀(a, b) ∈ P (3.24k)

0 ≤ ϕhi
ab ≤ K̂ϕrhiab ∀(a, b) ∈ P (3.24l)

− (νa − ρa) + (νb − ρb) + ϕhi
ab − ϕlo

ab = 0 ∀(a, b) ∈ P (3.24m)

All variables r in Equations (3.21)–(3.24) are binary. Together, the first-stage MILP consists of the ex-
ploration objective in Equation (3.16), the folded energy balance in Equation (3.19), the capacity market
clearing condition in Equation (3.9b), and the linearized optimality conditions in Equations (3.21)–(3.24).

Second-stage redispatch
Once the first-stage MILP has been solved, its dispatch, investment, and energy market load-shedding
outcomes are fixed. These values determine qt,g, qt,g, and dservedn,t in the redispatch problem.

The second stage is exactly the redispatch-operator problem already defined in Equation (3.8). It is
solved as an LP for every first-stage exploration outcome. The formulation is therefore not repeated
under another equation number.

3.4.4. Choice of solution method
The full primal-dual formulation represents the complete game, including redispatch, but its dense
PTDF-related bilinearities make it unsuitable for the case-study network. The sequential primal-dual
formulation removes these terms by solving redispatch separately. Its first-stage strong-duality equa-
tions nevertheless retain bilinear products between endogenous market prices and quantities, and the
model still does not solve within feasible time at case-study scale.

The sequential MILP keeps the same two-stage structure but removes the remaining bilinearities by
replacing the first-stage complementarity conditions with the disjunctive formulation in Equation (3.18).
The sequential primal-dual and sequential MILP formulations use the same actor problems and pass
the same market outcomes to the explicit redispatch LP. Their equivalence is tested in the proof of
concept.

The sequential MILP is therefore selected for the case study. It retains the intended market-equilibrium
and sequential-redispatch structure while providing the only formulation that can be solved repeatedly
across the required PTDF exploration directions.

3.5. Proof of concept and verification
The proof of concept is used to test whether the model is implemented correctly and whether its main
mechanisms respond as intended under controlled conditions. A small fictional system is used because
its inputs and outputs can be traced manually. The section first presents the proof-of-concept setup
and then verifies the individual model parts along the model’s causal chain: the capacity demand agent
determines zonal requirements, the capacity market translates these requirements into investment,
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the energy market clears without internal network constraints, and the redispatch operator restores
network feasibility ex post. The model is then subjected to extreme-condition and numerical robustness
tests, followed by a sensitivity analysis of the assumptions that most strongly affect capacity siting,
dispatch, and congestion outcomes. The section ends by summarizing what these tests imply for the
configuration and interpretation of the later case study.

3.5.1. Proof of concept setup
The proof-of-concept system is designed to make each step of the model traceable while still activating
the main market and network mechanisms. It consists of three nodes, each of which forms a separate
capacity market zone. Every node contains one legacy solar generator with an installed capacity of
200 MW and one investable controllable generator with a maximum capacity of 200 MW. The three
nodes are connected through a triangular network. The line capacities are deliberately restrictive rel-
ative to system demand. Consequently, the copper-plate energy market outcome is not necessarily
feasible on the network, which activates the redispatch stage. The nodal parameters and structure are
presented in Table 3.2. These are the default parameters used, only deviating from them to test certain
parameters or mechanisms connected to them. Additionally, the mark-up x is 20 €/MWh, V OLLem

is 4000 €/MWh, V OLLgrid is 300 €/MWh. By default, σ is set to 0.5 for the verification, the MEC is
therefore half of the line capacity.

Node
Capacity market

zone
Legacy solar
capacity

Investable generator
FC [e/MW] / VC [e/MWh]

Connected lines
and limits

Nodal demand
share

1 1 200 MW 22.50 / 6 1 (5 MW), 3 (5 MW) 3.57%
2 2 200 MW 30.00 / 5 1 (5 MW), 2 (10 MW) 42.86%
3 3 200 MW 35.50 / 4 2 (10 MW), 3 (5 MW) 53.57%

Table 3.2: Proof-of-concept parameters.

The investable generators differ in both fixed and marginal costs. The fixed-cost differences create a
clear order for capacity investment, while the marginal-cost differences create an unambiguous merit
order in the energy market. The generator with the lowest fixed cost is located at the node with the
smallest demand share. This creates a deliberate spatial mismatch between the economically pre-
ferred investment location and the main load centers, allowing the effect of capacity siting on network
congestion to be observed.

System demand and the solar capacity factors vary across three time steps, as shown in Table 3.3.
The solar profiles differ between nodes so that the location of renewable generation changes over time.
Together with the fixed nodal demand shares, this produces different residual-load conditions across
the three capacity market zones.

Time step Demand [MW] CF node 0 CF node 1 CF node 2
1 200 0.50 0.25 0.00
2 300 0.00 0.50 0.25
3 350 0.25 0.00 0.50

Table 3.3: Load profiles and solar capacity factors across time steps.

The parameter values are deliberately stylized and are not intended to represent a realistic electricity
system. Their purpose is to create transparent investment, dispatch and redispatch decisions that can
be calculated and checked manually. The strong differences between the nodes make the baseline
suitable for implementation verification, but also restrict the number of alternative equilibria. The effect
of more homogeneous cost assumptions is therefore examined separately in subsection 3.5.5.
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3.5.2. Solution method comparison
The three solution methods are first compared on the small proof-of-concept system, where the redis-
patch can be traced by hand. At this scale all three methods solve in under a second, so the question
here is not solving time but correctness: do the methods agree, and where they do not, why.

All three methods return the same capacity siting: the same investment in the CCGT, nuclear and coal
generators, with no difference between methods or runs. The redispatch cost does not agree. The two
sequential methods both return a redispatch cost of 2519, while the full primal-dual returns 1703 when
minimizing and 252240 when maximizing (Table 3.4).

Table 3.4: Proof of concept: solving time and redispatch cost by method. The siting is identical across all methods. The two
sequential methods return the same redispatch cost. The full primal-dual does not.

Method Solve time [s] Redispatch cost, min Redispatch cost, max
Full primal-dual 0.35–0.87 1 703 252 240
Sequential primal-dual 0.11 2 519 2 519
Sequential MILP 0.03 2 519 2 519

This needs to be read carefully, because the numbers can be read the wrong way. The full primal-dual
returns a wide range, from 1703 to 252240, while the two sequential methods return a single value. At
the proof-of-concept scale there is only one equilibrium siting, so there is only one redispatch problem to
solve, and its cost is a single number. The two sequential methods return that number, 2519, because
they solve the redispatch as its own problem. The range of the full primal-dual is therefore not a range of
equilibria. It is the span over which its embedded redispatch can be pushed by the secondary objective
without becoming infeasible. The true redispatch cost lies inside it, but the maximizing run overstates
it by a factor of 100 and the minimizing run understates it.

The sense checks locate the reason (Table 3.5). The market and capacity blocks satisfy their comple-
mentarity conditions in the full primal-dual, with violations at the level of numerical zero. The redispatch
block does not: the downward redispatch and the curtailment violate complementarity by up to 1.2 ·105.
At the same time the redispatch strong-duality residual is at the level of numerical zero. The formulation
therefore reports itself as satisfied, since strong duality holds, while the redispatch it returns is not the
optimal one, since complementarity does not. A check on strong duality alone would not catch this.

Table 3.5: Proof of concept: maximum complementarity violation by block for the full primal-dual. Market and capacity blocks
hold. The redispatch block does not, while the redispatch strong-duality residual is zero.

Complementarity block Maximizing run Minimizing run
Energy market (q) 4 · 10−13 2 · 10−11

Investment (c) 0 2 · 10−10

Capacity demand (cdem) 0 2 · 10−11

Redispatch up (r+) 1 · 10−14 2.9 · 103
Redispatch down (r−) 3.7 · 104 1.0 · 104
Curtailment (lsgrid) 1.2 · 105 2.2 · 103

Redispatch strong-duality residual −6 · 10−11 9 · 10−10

The two sequential methods are not in this table, because they solve the redispatch as an explicit
linear problem, so its complementarity holds by construction. This is also the positive result of the
check: the sequential primal-dual and the sequential MILP reformulate the same equilibrium in two
different ways, strong duality and the linearized KKT conditions, and they return the same siting and
the same redispatch on a system where the outcome can be followed. The sequential MILP is therefore
verified against the strong-duality formulation before it is used at scale.

The full primal-dual could be made correct by enforcing the redispatch complementarity explicitly, in-
stead of through strong duality alone. This was not done. The violations in Table 3.5 are exactly what
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a correct formulation would have to drive to zero, which requires the redispatch complementarity con-
ditions, and under linearization the binary variables that come with them, on top of the dense network
coupling described in subsection 3.4.1. The full primal-dual already does not solve at case study scale
(section 4.4), so the corrected version, which is larger, would be harder still. It was therefore not pur-
sued, and the full primal-dual is kept only as the small-scale check reported here.

3.5.3. Implementation verification
The verification continues with the chosen sequential MILP, to see if the chosen solution method works
correctly.

capacity demand agent
Table 3.6 verifies the capacity demand agent. The expected requirement is calculated from the formu-
lation as reqz = dcz − ηz, with dcz representing the peak residual load in each zone. The model output
matches the expected value in all zones.

At σ = 0.5, the transfer bounds are 2.50 MW between zones 1 and 2, 2.50 MW between zones 1 and
3, and 5.00 MW between zones 2 and 3. All three transfers reach their bounds and therefore remain
within the limits imposed by Equation 3.6e. Following the sign convention of ηz, this gives

η1 = −2.50− 2.50 = −5.00, η2 = 2.50− 5.00 = −2.50, η3 = 2.50 + 5.00 = 7.50.

The direction of the transfers is consistent with the objective of the capacity demand agent. The capacity
prices increase from zone 1 to zone 3, so part of the obligation is shifted from zone 3 towards zones 1
and 2. For example, zone 2 receives a contribution of 2.50 MW from zone 1 and provides 5.00 MW to
zone 3. Its net contribution is therefore η2 = -2.50 MW, increasing its requirement from 150.00 MW to
152.50 MW.

Finally, the sum of ηz is zero. The transfer formulation therefore shifts the obligation between zones with-
out changing the aggregate zonal requirement. All resulting requirements also remain non-negative.

Table 3.6: Verification of the capacity demand agent for σ = 0.5.

Zone dcz [MW] ηz [MW] Expected reqz [MW] Model reqz [MW] Difference [MW]

1 10.71 -5.00 15.71 15.71 0.00
2 150.00 -2.50 152.50 152.50 0.00
3 137.50 7.50 130.00 130.00 0.00

Total 298.21 0.00 298.21 298.21 0.00

Capacity market clearing and investment verification
Table 3.7 verifies that the shifted requirements are translated into capacity market clearing and invest-
ment. For each zone, procured capacity demand equals the shifted requirement, indicating that the
zonal requirement constraint binds. Local capacity market offers then equal procured capacity de-
mand, confirming the market-clearing constraint. The legacy solar generators do not participate in the
capacity market because their de-rating factor is zero.

Available controllable capacity equals the accepted capacity market offers in each zone. This confirms
that the capacity offers remain within the available-capacity constraint. The equality is specific to the
proof-of-concept setup, in which all available controllable capacity is required and offered to the capacity
market. Total procured capacity is 298.21 MW, which exceeds the system-wide requirement of 275 MW
by 23.21 MW. The system-wide capacity constraint is therefore also satisfied.
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Table 3.7: Verification of capacity market clearing and investment for σ = 0.5.

Zone reqz [MW] cdemz [MW] Local CM offers [MW] Available capacity [MW] Difference [MW]
1 15.71 15.71 15.71 15.71 0.00
2 152.50 152.50 152.50 152.50 0.00
3 130.00 130.00 130.00 130.00 0.00

Total 298.21 298.21 298.21 298.21 0.00

The investment decision is verified by comparing the market rents of each investable generator with
its fixed costs. All three generators invest a positive amount below their maximum installable capacity.
Their energy market and capacity market rents should therefore exactly recover their fixed costs. Ta-
ble 3.8 shows that this condition is satisfied for all three generators. The generator in zone 3 receives
part of its revenue from the energy market, which explains why its capacity price of 35.50 €/MW is
below its fixed cost of 37.50 €/MW.

Table 3.8: Verification of the investment decision for σ = 0.5.

Zone Investment [MW] Energy rent [€] CM rent [€] Fixed cost [€] Profit [€]

1 15.71 0.00 353.57 353.57 0.00
2 152.50 0.00 4575.00 4575.00 0.00
3 130.00 260.00 4615.00 4875.00 0.00

Energy market clearing verification
The energy market is modeled as a single copper-plate zone and therefore clears aggregate demand
without internal network constraints. For each time step, total generation plus energy market load
shedding equals demand. The energy price λe

t also follows the expected merit order. In timestep 1,
demand is covered by the solar power plants and the investable generator in zone 3, which has a
marginal cost of 4 €/MWh. At timesteps 2 and 3, the investable generator in zone 2 becomes the
marginal generator, resulting in an energy price of 5 €/MWh. Generator-level dispatch remains within
the available capacity of each generator. The balance error is zero and no load is shed in the energy
market, confirming that the market-clearing and dispatch constraints are satisfied.

Table 3.9: Verification of energy market clearing for σ = 0.5.

Time step
Demand Dt

[MW]
Generation

∑
g qt,g

[MW]
Load shedding lst

[MW]
Balance error

[MW]
λe
t

[€/MWh]

1 200.00 200.00 0.00 0.00 4
2 300.00 300.00 0.00 0.00 5
3 350.00 350.00 0.00 0.00 5

The energy market clearing can further be verified by testing if the load shedding works correctly. In
the first case V OLLem was higher than the marginal costs of all generators. As the capacity market
ensures generation adequacy by covering the peak residual load, energy market prices are set trough
the marginal costs of the last generator, not demand. Thus load shedding can never occur. Thus, to
check if it does work, runs with V OLLem at 0 €/MWh and 4.5 €/MWh can be compared. As shown
in Table 3.10, V OLLem at 0 €/MWh completely stops all generation and the price equals 0. Simi-
larly, V OLLem at 4.5 €/MWh introduces load shedding. As there is only one investable generator with
marginal costs below 4.5 €/MWh, every MW of load beyond the capacity of this generator and renew-
ables is shed. The price also sits at the value of V OLLem, signaling a shortage where demand sets
the price.



3.5. Proof of concept and verification 31

Table 3.10: Comparison of lower values of V OLLem for σ = 0.5 at timestep 2.

V OLLem

[€/MWh]
Demand Dt

[MW]
Generation

∑
g qt,g

[MW]
Load shedding lst

[MW]
Balance error

[MW]
λe
t

[€/MWh]
0 300.00 0.00 300.00 0.00 0.00
4.5 300.00 205.00 95.00 0.00 4.5

Redispatch verification
Table 3.11 verifies the redispatch logic for timestep 1 at the generator level. The redispatch model takes
the market dispatch as fixed and adjusts generation to restore network feasibility. For each generator,
final dispatch satisfies

qfinalt,g = qmkt
t,g + r+t,g − r−t,g.

Upward and downward redispatch also remain within the available generator limits. Upward redis-
patch cannot exceed the difference between available capacity and market dispatch, while downward
redispatch cannot exceed the market dispatch. In timestep 1, generation at node 2 is increased by
45.71 MW. This is balanced by downward redispatch of 39.89 MW from the solar generator at node
1 and 5.82 MW from the investable generator at node 3. Total upward and downward redispatch are
therefore equal, confirming the redispatch balance for this timestep.

Table 3.11: Generator level redispatch outcome in timestep 1.

Generator V C [€/MWh] qmkt [MWh] r− [MWh] r+ [MWh] qfinal [MWh] qmax [MWh]

Node 1 Invest 6.00 0.00 0.00 0.00 0.00 15.71
Node 1 solar 0.01 50.00 39.89 0.00 10.11 50.00
Node 2 Invest 5.00 0.00 0.00 45.71 45.71 152.50
Node 2 solar 0.01 25.00 0.00 0.00 25.00 25.00
Node 3 Invest 4.00 125.00 5.82 0.00 119.18 130.00
Node 3 solar 0.01 0.00 0.00 0.00 0.00 0.00

Total – 200.00 92.14 0.00 107.86 -

The purpose of redispatch is to restore network feasibility. Table 3.12 therefore compares the line flows
resulting from the unconstrained energy market dispatch with the final flows after redispatch. Before
redispatch, all three line limits are violated. After redispatch, the flows remain within their respective
limits, confirming that the network constraints are enforced.

Table 3.12: Verification of network feasibility after redispatch in timestep 1.

Line Market flow [MW] Line limit [MW] Final flow [MW] Feasible

1 28.82 ± 5.00 5.00 Yes
2 -31.89 ± 10.00 -10.00 Yes
3 14.03 ± 5.00 -2.03 Yes

Grid-related load shedding is not required in timestep 1. In timestep 3, no upward redispatch is available
in the required location. Downward redispatch of 3.64 MW is therefore balanced by 3.64 MW of grid-
related load shedding, confirming that the redispatch balance also holds when congestion cannot be
resolved through generation redispatch alone.

Together, the checks confirm that the individual model blocks are connected as intended. The capacity
demand agent determines the zonal requirements, the capacity market translates these requirements
into investment, and the resulting capacity determines the unconstrained energy market dispatch. The
redispatch operator then takes this dispatch as fixed and restores network feasibility.
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3.5.4. Extreme-condition and numerical robustness
The implementation verification confirms that the individual model components work as intended un-
der the proof-of-concept setup. This section adds two further checks. First, selected model inputs
are moved to extreme conditions with a clear expected outcome. For example, transmission limits
are temporarily increased to test whether redispatch disappears when the market dispatch is already
physically feasible. Second, numerical settings are varied to test whether they influence the solution.
These checks focus on the interaction between the redispatch mark-up and the penalty for grid-related
load shedding, as well as the bounds used in the first-stage MILP. The aim is to confirm that the model
outcomes are caused by the represented system and not by numerical choices.

Non-binding transmission constraints
The first extreme-condition test removes congestion from the proof-of-concept network. For this pur-
pose, the thermal limit of each line is increased to 100 MW, which is above the largest absolute market
flow of 31.89 MW. The energy- and capacity market outcomes are kept unchanged. The expected re-
sult is therefore that the market dispatch is already physically feasible and no redispatch or grid-related
load shedding is required.

Table 3.13 compares the baseline proof-of-concept network with the scenario using higher transmission
limits. In the baseline, five of the nine line flows violate their thermal limits before redispatch. The
redispatch model responds with 50.30 MWh of upward redispatch, 53.95 MWh of downward redispatch,
and 3.64 MWh of grid-related load shedding. After increasing the line limits, no market flow violates a
network constraint. Upward redispatch, downward redispatch, and grid-related load shedding all fall to
zero.

Table 3.13: Extreme-condition test with non-binding transmission constraints.

Scenario
Line limits
[MW]

Pre-redispatch
violations

Upward
redispatch [MWh]

Downward
redispatch [MWh]

Grid-related load
shedding [MWh]

Base 5 / 10 / 5 5 50.30 53.95 3.64
Higher limits 100 / 100 / 100 0 0.00 0.00 0.00

In the higher-limit scenario, the final line flows are equal to the pre-redispatch market flows. This
confirms that the redispatch model does not alter the energy market outcome when it already satisfies
the network constraints. Redispatch and grid-related load shedding in the baseline are therefore caused
by the binding transmission limits.

Redispatch mark-up and V OLLgrid interaction
As established previously, the redispatch mark-up is included to prevent interventions that are not
necessary to restore network feasibility. Without a mark-up, downward redispatch enters the objective
as a negative cost. The model can therefore reduce its objective by redispatching a more expensive
generator downward and a cheaper generator upward, even when this additional intervention is not
needed to resolve congestion. At the same time, the mark-up cannot be chosen independently from
the value of lost load. If the mark-up becomes too high, the model can prefer grid-related load shedding
over redispatch. This interaction is tested for the proof-of-concept scenario with σ = 1 and a fixed
V OLLgrid of 300 €/MWh. Only the mark-up x in the redispatch objective is varied. The capacity market
and energy market outcomes therefore remain unchanged. For a balanced intervention consisting of
one MWh of upward and one MWh of downward redispatch, the mark-up contributes 2x to the objective.
The test consequently compares values below, equal to, and far above the grid-related load-shedding
penalty.
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Table 3.14: Effect of the redispatch mark-up at V OLLgrid = 300 €/MWh.

Mark-up x
[€/MWh]

Upward redispatch
[MWh]

Downward redispatch
[MWh]

Grid-related load
shedding [MWh]

0 114.92 119.92 5.00
20 55.38 60.38 5.00
150 50.96 58.68 7.72
2000 0.00 58.68 58.68

At x = 0, the model uses 114.92 MWh of upward and 119.92 MWh of downward redispatch. Grid-
related load shedding remains at 5.00 MWh. Compared to the outcome at x = 20, the additional
redispatch therefore does not allow more demand to be served. It results from the redispatch cost
formulation rather than from the network constraints. This confirms that a positive mark-up is needed
to avoid unnecessary interventions. At x = 20, redispatch volumes fall substantially, while grid-related
load shedding remains unchanged. The mark-up is therefore high enough to remove the unnecessary
redispatch observed at x = 0, without making load shedding more attractive. This configuration is used
as the base value for the proof of concept. At x = 150, the mark-up of a balanced upward and down-
ward redispatch pair equals 300 €/MWh before the difference in generator variable costs is considered.
Grid-related load shedding consequently increases from 5.00 to 7.72 MWh, while redispatch volumes
decrease. Higher tested values of x = 175 and x = 290 produce the same physical outcome and are
therefore not shown separately. Lastly, x = 2000 represents an intentionally extreme condition. Up-
ward redispatch falls to zero, while all 58.68 MWh of downward redispatch is balanced by grid-related
load shedding. The model thus avoids upward redispatch because its mark-up is far above the value
assigned to unserved demand.

Together, the tests confirm the expected interaction between both parameters. The mark-up must be
high enough that an additional pair of upward and downward redispatch cannot reduce the objective.
Setting h above the highest variable cost provides a simple and conservative lower bound. In the proof
of concept, h = 20 €/MWh satisfies this condition and removes the unnecessary redispatch observed
at h = 0.

The upper bound is more difficult to determine and does not follow one strict formula. As shown by the
total volumes in Table 3.14, the runs with more grid-related load shedding can still have a lower total
intervention volume. The reason lies in the meshed structure of the network. Network feasibility cannot
always be restored by only reducing generation at one node and increasing it at another. Both changes
affect the flows on several lines at the same time. Resolving one overloaded line can therefore worsen
the loading of another line and require further redispatch elsewhere in the network. A higher mark-up
places more weight on reducing the total amount of redispatch. At some point, the model therefore
prefers simple grid-related load shedding when this avoids a larger set of redispatch interventions to
restore network feasibility. It is therefore necessary to choose a value for x that allows for enough
headroom compared to V OLLgrid, allowing the model to restore network feasibility through redispatch
if physically possible.

Robustness of constants for disjunctive constraints
The disjunctive reformulation requires constants that bound the primal variables, dual variables, con-
straint slacks, and stationarity expressions. These constants must be sufficiently large to include all
feasible solutions. At the same time, unnecessarily large values can weaken the MILP formulation.
The constants derived in Table C.1 and Table C.1 are therefore tested by multiplying all of them by 100.

The test is performed for the proof-of-concept scenario with σ = 0.5. All six exploration runs are
repeated with the enlarged constants. The resulting market and redispatch outcomes are identical to
those obtained with the original bounds. Table 3.15 presents the main outcomes.
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Table 3.15: Robustness test of the disjunctive constants for σ = 0.5.

Configuration
Total capacity

[MW]
Market
cost [€]

Zonal
procurement [MW]

Redispatch
volume [MWh]

Average solve
time [s]

Original constants 298.21 12,545.82 15.71 / 152.50 / 130.00 112.47 0.027
Constants x 100 298.21 12,545.82 15.71 / 152.50 / 130.00 112.47 0.013

The enlarged constants produce the same investment, capacity market procurement, energy market
dispatch, prices, transfers, and redispatch outcome in every exploration run. This confirms that the
original constants do not cut into the relevant solution space.

The average solving time is lower with the enlarged constants. However, both configurations solve
within a few hundredths of a second. At this problem size, the difference is therefore considered nu-
merical noise rather than evidence that larger constants improve computational performance. The
original, tighter constants are retained following basic logic and experiences from literature (Gabriel &
Leuthold, 2010).

3.5.5. Sensitivity to model configuration
The previous subsection tested whether selected extreme conditions and numerical parameters influ-
ence the model in the expected way, and whether their chosen values unintentionally restrict or distort
the solution. This subsection instead changes the cost structure of the proof of concept. The model
is run at σ = 0.5 with equal fixed costs, equal marginal costs, and both cost parameters being equal.
The aim is to identify how both parameters influence capacity siting, energy market dispatch, and re-
dispatch.

Table 3.16: Sensitivity of capacity siting and redispatch to the cost configuration.

Configuration
Distinct siting
outcomes

Zone 1 capacity
[MW]

Zone 2 capacity
[MW]

Zone 3 capacity
[MW]

Redispatch volume
[MWh]

Baseline 1 15.71 152.50 130.00 112.47
Equal FC 2 5.71–10.71 142.50–147.50 145.00 112.43
Equal VC 1 15.71 152.50 130.00 227.58
Equal FC and VC 6 5.71–15.71 142.50–157.50 130.00–145.00 287.50–333.14

Equal fixed costs introduce alternative capacity-siting outcomes. While the baseline produces the same
siting in every run, two outcomes are found with equal fixed costs. Zone 3 is preferred in both because
its generator earns more in the energy market and therefore requires a lower capacity price. Zones 1
and 2, however, have the same energy market profit and, with equal fixed costs, require the same
capacity market revenue. The capacity demand agent is therefore indifferent to the MEC direction
between them, which explains the ranges in zonal capacity shown in Table 3.16. This confirms that the
PTDF-based objective can recover alternative market-equivalent siting outcomes. In this small network,
the resulting shift has almost no effect on total redispatch.

Equal marginal costs do not introduce additional siting degeneracy because the fixed-cost differences
still determine the required capacity market revenues and the MEC direction. They do, however, affect
the operational layer. Several hourly dispatch patterns can satisfy demand at the same cost. Although
these outcomes are equivalent for the energy market, they can create different nodal injections and
therefore different redispatch requirements. In the proof of concept, capacity siting remains unchanged,
while redispatch increases from 112.47 to 227.58 MWh. This is not the type of degeneracy the solution-
space exploration aims to study.

When both fixed and marginal costs are equal, both effects occur together. All six runs produce different
capacity-siting outcomes, and the capacity demand agent becomes indifferent to all MEC directions.
At the same time, the energy market has multiple equal-cost dispatch outcomes with different conse-
quences for redispatch. Redispatch therefore changes from one value in the baseline to a range of
287.50–333.14 MWh. This range cannot be attributed to capacity siting alone.
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The test therefore separates two forms of degeneracy. Alternative capacity siting within a capacity
market zone is intended and is explored through the PTDF-based objective. Arbitrary differences in
the dispatch of equal-cost generators are not intended, because they add variation to redispatch that
is unrelated to the capacity market design.

This issue is expected to be less pronounced in the case study. The larger system contains more legacy
generators with different technologies and marginal costs, reducing the number of fully interchangeable
dispatch options. Nevertheless, where equal-cost generators remain interchangeable, redispatch out-
comes remain non-unique.



4
Case study

This chapter applies the model developed in Chapter 3 to the Dutch electricity system. The main
challenge is to represent the system with enough spatial and temporal detail for locational capacity
siting and intra-zonal congestion to be meaningful, while keeping the model tractable across the many
runs needed for the solution-space exploration.

Two case studies are constructed from the same underlying network and time series. They differ in
the amount of legacy controllable generation that remains in the system. The first case removes most
legacy controllable capacity and therefore gives the capacity mechanism substantial freedom to deter-
mine where new capacity is built. The second retains the existing gas fleet, meaning that a larger part
of the spatial generation pattern is already fixed. Together, the cases show both the potential effect of
a locational signal and how this effect changes when less of the capacity stock can still respond.

The chapter is divided into three sections. First, the scope and data sources are introduced. The
retrieved data are then prepared by constructing the two generation cases, defining the capacity market
zones, and reducing the full year to representative days. The final section presents the experimental
design, cost assumptions, main run parameters, and implementation workflow.

4.1. Scope and data
Chapter 3 developed the model in generic form and verified its mechanics on a small proof-of-concept
system. The purpose of the case study is to apply the same two-stage model at a scale where the
system-level effects of locational capacity procurement can be observed. This requires a spatially
resolved transmission network, nodal generation and demand, and time series for renewable availability.
At the same time, the network and time horizon must remain small enough for the equilibrium problem
to be solved repeatedly with different exploration objectives.

Public electricity data are often available only at national or bidding-zone level. This is sufficient for
a copper-plate energy market representation, but not for the redispatch stage, which requires nodal
injections and transmission constraints. The different data sources must also be spatially consistent.
Demand, generators, renewable profiles, and transmission lines cannot be clustered independently
without creating mismatches between them.

The case study therefore uses PyPSA-Eur (Hörsch et al., 2018). PyPSA-Eur combines several public
data sources into a consistent representation of the European transmission network, generation fleet,
renewable availability, and electricity demand. Its workflow can be configured by country, time window,
temporal resolution, and number of network clusters. The resulting network is then exported and used
as input for the model developed in this thesis. PyPSA-Eur is therefore used as a data and network-
construction tool, not to optimize the capacity market scenarios.

Using PyPSA-Eur also carries its limitations into the case study. The underlying transmission data
partly rely on approximations of line impedances, substation structures, and asset locations (Brown et
al., n.d.). Since the PTDF matrix is derived from this network, the resulting line-loading patterns should

36
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not be interpreted as an exact representation of Dutch system operation. Demand and generation
are also allocated to nodes through spatial approximations rather than actual connection points. This
affects nodal injections, local residual demand, and ultimately both the zonal capacity requirements
and redispatch outcomes. Renewable profiles and existing capacities contain similar approximations
where plant-level information is incomplete. The results are therefore used to compare market designs
under a consistent system representation, not as forecasts of individual Dutch grid constraints.

PyPSA-Eur does not provide the fixed investment costs needed for the investable generators in the
required form. These are retrieved separately from the Global and National Energy Systems Techno-
Economic database (GNESTE), which combines technology-cost data from several sources and allows
filtering by technology, region, data type, and reference year (Hatton et al., 2024).

The Dutch transmission system is represented by a meshed network of 34 nodes and 40 transmission
lines. Cross-border connections are excluded, so the system boundary covers only the Netherlands.
The static network forms the basis for the redispatch model and for the definition of the capacity market
zones in subsection 4.2.2. The input time horizon covers one year. Since using all hourly observa-
tions would make the repeated equilibrium runs computationally infeasible, the year is reduced to eight
representative days as explained in subsection 4.2.3.

Figure 4.1: Dutch transmission grid with nodes sized by their demand share.

4.2. Data preparation
Several transformations are required before the retrieved data can enter the model. First, the gen-
eration fleet is divided into legacy and investable generators and used to construct two case studies
with different amounts of fixed controllable capacity. Second, the transmission network is partitioned
into capacity market zones. Finally, the hourly demand and renewable profiles are reduced to eight
representative days.

4.2.1. Generator data and case-study cases
The generation fleet extracted from PyPSA-Eur contains nuclear, waste, biomass, gas, and coal gen-
eration, together with onshore wind, offshore wind, and solar capacity. Renewable generators remain
exogenous in both case studies. Their installed capacities and hourly availability profiles are fixed,
while controllable generators can participate in the energy and capacity markets.
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Coal generation is removed in both cases. Dutch coal-fired power plants are scheduled to close by
2029 and are therefore not included in the future system represented here (Mendelevitch et al., 2024).
The two cases differ in their treatment of the existing gas fleet.

Case study 1: high-mobility capacity system. In the first case, legacy gas plants are removed to-
gether with coal generation. New gas-fired capacity can instead be built at each onshore node. Most of
the controllable capacity needed to meet the adequacy requirement must therefore be newly invested.

This setup gives the capacity mechanism substantial influence over the spatial distribution of control-
lable generation. It is deliberately stylized and should not be interpreted as a forecast in which the
complete Dutch gas fleet disappears at once. Its purpose is to isolate the investment-location mech-
anism and show what a locational capacity market signal can do when a large share of the required
capacity is still able to move between nodes.

Case study 2: legacy-constrained capacity system. The second case retains the existing gas-fired
generation from PyPSA-Eur. Coal generation is still removed, and new gas capacity remains available
at all eligible onshore nodes, but investment is only needed to cover the remaining capacity deficit.

A larger part of the spatial generation pattern is consequently fixed before the capacity market design
is changed. Some capacity market zones may already contain a substantial amount of eligible legacy
capacity, while others may still require new investment. This also creates the possibility that a zone
can take on a larger capacity obligation through cross-zonal participation without requiring an equal
increase in new construction.

The case is closer to a transition in which a locational signal is introduced into an existing generation
system. Locational elements in capacity mechanisms mainly influence new investment (ENTSO-E,
2026). They cannot immediately relocate existing plants, only over a longer period, retirement and
replacement decisions can be influenced. Comparing the two cases therefore shows whether the
effect of the locational signal remains visible when it only acts on the incremental part of the capacity
stock.

Choice of investable technology. Combined-cycle gas turbines are used as the only investable
controllable technology. Waste generation has limited potential for large-scale expansion, while the
future role of biomass remains uncertain (Wu & Pfenninger, 2023). New nuclear projects face long
development periods, delays, and cost uncertainty, particularly in Europe (Gilbert et al., 2017). Gas-
fired generation is therefore used as a stylized form of controllable capacity, also reflecting the possibility
of switching to lower-carbon fuels in the future (IEA, 2021).

Storage, demand response, and other flexible resources could also participate in a capacity mechanism,
but are excluded to keep the investment decision traceable. The consequences of this choice are
discussed in Chapter 6.

The fixed cost of the investable gas plants is derived from GNESTE. Data for capital costs, fixed op-
eration and maintenance costs, and technical lifetime are selected for gas-fired power plants in the
EU with 2030 as the reference year. Annualized capital costs are approximated by dividing capital
costs by lifetime and adding fixed operation and maintenance costs. This gives a base fixed cost of
53,935.52 €/MW/year.

4.2.2. Capacity market zone definition
In implemented locational capacity mechanisms, constrained areas are normally identified through de-
tailed reliability and deliverability studies. Such studies test how much capacity can be imported into
an area during system stress. Applying the same approach here would create a circular dependency.
The location of new generators affects congestion and deliverability, while their location is itself de-
termined by the capacity market zones. Defining the zones from one optimized investment outcome
would therefore make the later comparison dependent on that initial outcome.

The zones are instead derived from the static transmission network. The aim is to group nodes that have
a similar effect on transmission flows. This keeps the zone definition independent of both generation
cases and all later investment outcomes.
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The PTDF matrix provides the basis for the clustering. Each column describes how an injection at one
node affects the flows on all transmission lines. Nodes with similar PTDF columns therefore have a
similar effect on the network and are suitable candidates for the same capacity market zone (Kang
et al., 2013). The Euclidean distance between the PTDF columns is used as a measure of electrical
distance.

Agglomerative hierarchical clustering with Ward linkage is applied to these distances (Blachnik et al.,
2021). The method first treats every node as its own cluster and then combines the closest clusters
step by step. An advantage is that the number of final zones does not have to be fixed before the
clustering is performed. Different partitions can instead be assessed from the resulting dendrogram.
The clustering is implemented in Python using SciPy (Virtanen et al., 2020).

Figure 4.2: Dendrogram for the partition of the Dutch electricity network.

The dendrogram in Figure 4.2 supports a partition into three main clusters. A four-zone partition could
also be obtained by separating part of the orange cluster. However, two of the three nodes in the
resulting small zone would be offshore nodes with almost no demand and no controllable generation.
The remaining onshore node would then provide nearly all eligible local capacity. Very small capacity
market zones can create market-power concerns and would also make the comparison less informative,
even though strategic bidding is not explicitly modeled here. The three-zone partition is therefore used.

The resulting zones are shown in Figure 4.3. Zone 1 (yellow) covers the Randstad and contains the
largest concentration of demand and economic activity. Zone 2 (green) covers the northern part of
the network and is characterized by its offshore wind connections, while Zone 3 (red) contains the
remainder of the network.
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Figure 4.3: Nodes Colored according to their capacity market zone.

The maximum entry capacity between two zones is derived from the transmission lines crossing their
shared boundary. For each pair of zones (a) and (b), the model sums the nominal capacities of all lines
with one endpoint in zone (a) and the other in zone (b):∑

l∈L: n0
l ∈a,;n1

l ∈b or n0
l ∈b,;n1

l ∈a F
max
l .

In the clustered Dutch network, each pair of capacity market zones is connected by one transmission
line. The resulting MEC is therefore equal to the capacity of that line, as shown in Table 3.13.

Table 4.1: Transmission lines connecting the capacity market zones and the resulting maximum entry capacities.

Line
index Zone pair Connecting buses

Line capacity
[MW]

MECa,b

[MW]

20 1–2 NL0 20 – NL0 4 2,377.34 2,377.34
9 1–3 NL0 16 – NL0 22 2,377.34 2,377.34
36 2–3 NL0 11 – NL0 15 2,377.34 2,377.34

In the capacity market model, the maximum reallocation of capacity obligations between two zones is
limited to σMECa,b. At σ = 0, no obligation can be shifted between zones, while at σ = 1, the full
pairwise MEC can be used.

The MEC remains a simplified, static approximation of cross-zonal deliverability. Summing the capac-
ities of the directly connecting lines does not account for how a transfer is distributed across the full
meshed network. It also does not guarantee that transfers between several zone pairs can be delivered
simultaneously without creating congestion elsewhere in the system.

4.2.3. Representative days
The hourly input year is reduced to eight representative days using the Julia package Representa-
tivePeriodsFinder.jl (KU Leuven Energy Systems Integration and Modeling group, 2023). The package
applies an optimization-based representative-period method following Poncelet et al. (2016).
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Including aggregate load, nodal load, and all nodal renewable profiles directly in the selection problem
would add substantial computational complexity. In the PyPSA-Eur data, however, each node’s demand
remains a constant share of total demand over time. The representative-day selection therefore uses
aggregate load together with the nodal capacity-factor profiles for solar, onshore wind, and offshore
wind. Nodal demand is reconstructed afterwards by multiplying aggregate demand in each selected
hour by the fixed nodal demand shares.

The eight selected representative periods and their weights are displayed in Table 4.2. The sum of all
weights equals 365, the eight periods therefore cover a whole year.

Table 4.2: Selected Decision Periods and Weights

Period Weight Selected

1 63.20 True
151 29.46 True
196 45.84 True
229 28.49 True
249 54.64 True
263 26.15 True
270 54.31 True
348 62.91 True

Figure 4.4 compares the duration curves of the original time series with those reconstructed from the
representative days. The main distributions are preserved reasonably well, particularly for wind gen-
eration. Some extremes are nevertheless lost, most visibly in the load and solar profiles. This is an
expected consequence of representing a full year through a limited number of days. It is important for
the later interpretation because both capacity requirements and congestion outcomes can be driven by
combinations of high demand and low renewable production that occur only rarely.



4.3. Experimental design and model implementation 42

“‘ (a) Load (b) Solar

(c) Onshore wind (d) Offshore wind

Figure 4.4: Comparison of the original and representative-period duration curves for load and selected renewable
capacity-factor profiles.

“‘

4.3. Experimental design and model implementation
The previous section prepared the network, generator, and time-series data. This section combines
them with the model from Chapter 3. The experimental design has two dimensions: the amount of
legacy controllable capacity and the spatial structure of the capacity mechanism. The cost configuration
is then introduced, followed by the main run parameters and implementation workflow.

4.3.1. Scenarios
The two generation cases are each evaluated under the same set of capacity market designs. Within
one generation case, the network, demand, renewable availability, generator costs, and all other param-
eters remain unchanged. Differences between the market-design scenarios can therefore be attributed
to the locational structure of the capacity mechanism and the level of cross-zonal participation.

The country-wide capacity market, denoted by (z1), is the non-locational benchmark. A single capacity
requirement is calculated from the Dutch system-wide peak residual load. All generators participate in
the same capacity market and receive one national capacity price. The mechanism therefore ensures
aggregate resource adequacy but does not require capacity to be located in a particular part of the
network.

The split capacity market, denoted by (z3), introduces the locational signal. The Netherlands is divided
into the three zones from subsection 4.2.2, and each zone receives a capacity requirement based on
its own peak residual load. Since the zonal peaks do not necessarily occur at the same time, the sum
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of the three requirements can exceed the country-wide requirement. The split design may therefore
procure more capacity and can require investment in zones where capacity is more expensive.

Cross-zonal participation is varied only within the split design. A signed transfer reallocates capacity
obligations between neighboring zones, bounded by the maximum entry capacity multiplied by σ. The
parameter takes the values

σ ∈ {0, 0.25, 0.50, 0.75, 1.00}.

At σ = 1, obligations can be transferred up to the full MEC.

The central comparison of the thesis is between (z1) and (z3): whether or not the capacity mechanism
contains a locational signal. The variation of σ is a secondary comparison within the locational design.
It shows how cross-zonal participation modifies the cost and congestion effects after the signal has
been introduced.

Each generation case contains six capacity market designs: the country-wide benchmark and five split
designs. This results in twelve case-design combinations. For each one, the PTDF-based exploration
is carried out in both directions for every transmission line. With 40 lines, this gives 80 exploration runs
per design and 960 first-stage runs across the complete experiment.

Each exploration run returns a capacity siting that satisfies the same energy- and capacity market
equilibrium conditions but is pushed in a different network direction. The resulting market outcome
is then passed to the redispatch model. The observed minimum and maximum redispatch outcomes
across the 80 runs form the explored range for that design.

4.3.2. Cost parameters
The proof of concept showed that some cost heterogeneity is necessary for interpretable dispatch
and investment outcomes. Marginal-cost heterogeneity determines the energy market merit order. If
several controllable generators have exactly the same marginal cost, multiple dispatch outcomes can
clear the market at the same cost. Redispatch would then partly reflect solver tie-breaking rather than
an economically interpretable dispatch order. The legacy fleet already contains several technologies
and fuels and therefore provides a spread of marginal costs. The investable gas units use the same
underlying technology assumptions in both generation cases.

Fixed costs serve a different role. If every investable generator had a unique fixed cost, investment
would be tied to a narrow set of nodes and little siting multiplicity would remain for the exploration
objective. If all nodes had identical fixed costs, the different capacity market zones would also have no
economic distinction. Fixed costs are therefore heterogeneous between zones but identical within each
zone. The zonal difference gives the capacity mechanism an economic reason to favor one zone over
another, while equality within a zone preserves the nodal multiplicity that the PTDF objectives explore.

The starting point is the GNESTE-derived EU average of 53,935.52 €/MW/year. A symmetric adjust-
ment of 10% is applied. Zone 1, covering the Randstad, receives the highest fixed cost. Scarce land,
higher economic activity, and more difficult siting conditions are represented through an increase to
59,329.07 €/MW/year. Zone 2 receives the lowest fixed cost, reflecting the historical concentration of
gas infrastructure in the north, and is set to 48,541.97 €/MW/year. Zone 3 retains the base value of
53,935.52 €/MW/year. These differences are stylized and are not intended as estimates of actual node-
specific investment costs. They create a transparent zonal cost ordering through which the capacity
market design can affect procurement and siting.

Energy market load shedding and grid-related load shedding are valued separately. V OLLem acts
as the energy market price cap. Due to the capacity market implemented at least procuring enough
capacity to cover peak residual load, generation is always able to cover demand. Thus, energy prices
are always set by the marginal generator, not by demand. Even though a realistic price cap is much
higher, V OLLem is set to 100 €/MWh for the model. This does not influence outcomes, 100 €/MWh
is higher than variable costs of all generators. But due to V OLLem being present in many bounds for
the disjunctive constraints (Table C.2), the lower value allows for quicker solving times. Therefore the
value V OLLem is not to be read as an economic parameter, but a bound for quicker solving.

Grid-related load shedding occurs only in the redispatch stage when the market dispatch cannot be
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made network-feasible through available upward and downward redispatch. It is penalized at V OLLgrid

= 69,000 €/MWh, following the definition from Ecorys and SEO Economic Research (2022). As V OLL
is not paid to any party, but represents lost economic activity, it is an assumption derived from economic
analysis rather than an observed price. Since this assumption strongly affects themonetary comparison
between designs, its influence is tested separately in the results. A mark-up of x = 75 €/MWh is added
to both upward and downward redispatch actions. The mark-up prevents cost-neutral redispatch cycles
and makes unnecessary simultaneous upward and downward adjustments unattractive.

4.3.3. Model implementation
The case study combines preprocessing in Python with representative-period selection and optimiza-
tion in Julia, as summarized in Figure 4.5. PyPSA-Eur is configured and processed in Python. The
same environment is used to classify the generators, construct the PTDF matrix, and cluster the net-
work into capacity market zones. The representative days are selected in Julia. The equilibrium and
redispatch models are implemented in JuMP and solved with Gurobi (Gurobi Optimization, LLC, 2024;
Lubin et al., 2023).

A fresh first-stageMILP is built for every exploration direction. This prevents information from a previous
objective from fixing or unintentionally carrying over the earlier siting outcome. The only difference
between the 80 runs of one design is the PTDF weight vector used in the exploration objective. After a
feasible first-stage incumbent is obtained, the energy market dispatch and installed capacities are fixed
and passed to the second-stage redispatch problem. The redispatch problem is linear and generally
solves within seconds.

The standard first-stage runs use a time limit of 220 seconds and a target MIP gap of 0.01. Some PTDF
directions are consistently harder to close. The repeatedly difficult directions are rerun with a time limit
of 1,500 seconds, using the previous incumbent as a MIP start. This does not change the equilibrium
conditions or the exploration objective, but gives the solver more time and a feasible starting point.

All runs returning a feasible incumbent are included in the results, irrespective of the remaining opti-
mality gap. The gap refers to the PTDF-based exploration objective, not to the validity of the market
equilibrium. A remaining gap therefore means that a more extreme siting may exist in the same explo-
ration direction. It does not mean that the returned siting violates the energy market, capacity market,
or investment conditions. The reported result ranges are consequently observed ranges across the
explored equilibria rather than proven global bounds of the complete equilibrium set.

The main case-study and solver parameters are summarized in Table 4.3.
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Table 4.3: Main parameters of the case-study runs.

Parameter Value Unit / remark

Geographical scope Netherlands –
Network resolution 34 nodes, 40 transmission lines –
Cross-border connections Excluded –
Input time horizon One year –
Temporal representation 8 representative days, 192 hourly time steps weighted to

one year
Generation cases High-mobility; legacy-constrained –
Investable technology CCGT at each eligible onshore node –
Capacity market designs Country-wide (z1); three-zone (z3) –
Cross-zonal participation σ = 0, 0.25, 0.50, 0.75, 1.00 (z3) only
Maximum entry capacity 2,377.35 MW per zone

pair
Fixed cost, Zone 1 59,329.07 €/MW/year
Fixed cost, Zone 2 48,541.97 €/MW/year
Fixed cost, Zone 3 53,935.52 €/MW/year
Energy market value of lost load
V OLLem

100 €/MWh

Grid-related value of lost load
V OLLgrid

69,000 €/MWh

Redispatch mark-up (x) 75 €/MWh
Exploration runs 80 per design 2 per line
First-stage target MIP gap 0.01 1%
Standard first-stage time limit 220 seconds
Selected-rerun time limit 1,500 seconds
First-stage feasibility tolerance 10−3 –
Redispatch feasibility tolerance 10−4 –
Solver Gurobi –
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Figure 4.5: Workflow of the case-study implementation.

4.4. Comparison of solving performance between solution meth-
ods

At case study scale the question is which method produces the redispatch range within a usable time.
This section reports two benchmarks under identical conditions (same machine, same solver, NonCon-
vex enabled for the strong-duality methods, primal-dual constraints receive bounds K from disjunctive
constraints).

4.4.1. Comparison of all three methods
At proof-of-concept scale all three methods solve in under a second. At case study scale they do not.
Table 4.4 reports the three methods on a single exploration weight with a 3 600 s limit. The full primal-
dual reaches the time limit with no feasible incumbent, for both the maximizing and the minimizing
objective. The sequential primal-dual also returns no incumbent: none of its weights solved. The
sequential MILP returns a usable siting, and the redispatch on it is then solved in 0.42 s, giving a
redispatch cost of 3.26 · 108.



4.4. Comparison of solving performance between solution methods 47

Table 4.4: Solving performance of the three methods on the case study instance, single exploration weight, 3 600 s limit. The
two strong-duality methods return no feasible solution. The sequential MILP returns a usable siting and its redispatch cost.

Method Status Time [s] Redispatch cost Bilinear terms Binaries
Full primal-dual (max) no incumbent 3 600 — 951902 0
Full primal-dual (min) no incumbent 3 600 — 951902 0
Sequential primal-dual no incumbent 3 600 — 56442 0
Sequential MILP solved 3 601 3.26 · 108 0 44 276

The bilinear term count in the last columns shows why. The full primal-dual carries 951 902 bilinear
terms, the dense PTDF coupling of the embedded redispatch. The sequential split removes the net-
work coupling and brings this down to 56 442, but the price-times-quantity terms of the market clearing
remain, and 56 442 is still enough to leave the problem unsolved at 3 600 s. The sequential MILP car-
ries no bilinear terms. The disjunctive reformulation replaces them with 44 276 binary variables, which
keeps the problem linear. On this weight the sequential MILP also used most of the time budget, so it is
not fast here either. The difference is that it returns a usable result while the two strong-duality methods
return nothing, and on most exploration directions it is far faster, as the next benchmark shows.

4.4.2. Comparison of the two sequential models
The comparison above leaves one question open. The sequential primal-dual returns no incumbent,
but this could depend on the exploration direction. To check this, both sequential methods are run on
the same set of PTDF-row directions, chosen across the range of row density. The density of a PTDF
row is measured by its L1 norm,

∑
n |PTDFℓ,n|, which is the same quantity that drives the bilinear

coupling in the full primal-dual: a dense row couples many nodes to one line. The directions span the
most radial rows, where a line is influenced by one node, up to the densest rows, where it is influenced
by the whole network (nsig counts the nodes with a significant entry in the row). Table 4.5 reports the
result of the comparison, Table D.2 shows the density of all rows.

Table 4.5: The two sequential methods across PTDF-row directions, ordered by row density. The sequential MILP solves the
radial directions to optimality in seconds and reaches the time limit with a gap on the dense ones. The sequential primal-dual

returns no incumbent.

Line L1 nsig Dir Sequential MILP Sequential PD
time [s] gap

29 0.82 2 + 2.8 0% —
29 0.82 2 − 2.7 0% —
32 0.92 2 + 3.1 0% —
32 0.92 2 − 2.5 0% —
23 1.00 1 + 2.8 0% no incumbent (1 081 s)†
23 1.00 1 − 2.8 0% no incumbent (3 721 s)†
11 3.95 10 + 220 14% —‡

11 3.95 10 − 220 124% —‡

1 14.76 33 + 220 21% —‡

1 14.76 33 − 220 107% —‡

2 18.24 33 + 220 38% —‡

2 18.24 33 − 220 77% —‡

† Run with a 3 600 s limit. ‡ The sequential primal-dual was run on the most radial direction (line 23) only. As it returned
no incumbent there, and the denser rows only add coupling, they were not run.

The sequential primal-dual returns no feasible incumbent on the most radial direction, where a single
node is coupled to the line, even with a 3 600 s limit. Since this is the structurally easiest direction and
the formulation does not solve even there, it does not solve on the denser directions, which only add
coupling. The intractability of the sequential primal-dual is therefore a property of the formulation, not
of a particular direction.
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The sequential MILP shows a sharp split. On the radial directions, where the line is coupled to one or
two nodes, it solves to optimality in around 3 s. On the denser directions, where ten or more nodes
are coupled, it reaches the time limit with a remaining gap. The split sits between these two groups.
Difficulty in the sequential MILP therefore grows with the density of the exploration direction, the same
density that makes the strong-duality methods intractable.

Two points are needed for an honest reading of this result. First, the gap differs by direction sign:
pushing capacity away from a line, the negative weight, is consistently harder to close than pushing it
towards the line. Density is the main driver but it is not the only one. Second, the gap is measured on
the exploration objective, which has no economic meaning. A run that stops with a gap still returns a
valid market equilibrium, since the market clearing is a constraint and not part of the gap. What is lost
on the dense directions is the guarantee of having reached the most extreme siting, not the validity of
the siting. The redispatch range from these directions is therefore sampled, not proven.
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Results

This chapter presents the results of the Dutch case study. The central comparison is between the
country-wide capacity mechanism without a locational signal and the split capacity mechanism with a
locational signal. This comparison provides the main empirical basis for answering SQ3. The different
values of σ are only compared within the split design. They represent different levels of cross-zonal
participation and therefore change how strongly the zonal requirements translate into a locational signal.
Both designs are evaluated in two case studies. In the first, most controllable capacity has to be newly
built, while in the second the existing gas fleet remains in place and limits how much of the capacity
stock can still respond.

The chapter first compares the initial capacity position of both case studies before turning to the effect
of introducing a locational signal. Afterwards, the role of cross-zonal participation is assessed within
the split design. The following sections examine the network mechanisms behind the congestion out-
comes and compare capacity market expenditure with the monetary consequences of congestion. The
chapter ends by bringing the results of both case studies together. A short account of computational
performance is provided first to clarify how the reported outcome ranges should be interpreted.

5.1. Computational performance and interpretation of the exploration
set

Each capacity market design is solved for 80 PTDF-based exploration directions, consisting of one
positive and one negative direction for each of the 40 transmission lines. Across the six designs and
two case studies, this results in 960 first-stage runs. All runs returned a feasible incumbent, after which
the corresponding redispatch problem could be solved to optimality. All 80 outcomes per scenario
are therefore retained in the analysis, including runs that reached the time limit before achieving the
requested relative optimality gap of 0.01.

The reported gaps refer to the PTDF-based exploration objective. This objective has no economic
interpretation and may take values close to zero. Very large relative gaps therefore do not imply an
equally large uncertainty in capacity market expenditure, investment, or redispatch. They indicate that
the solver has not established how close the selected siting outcome is to the optimum of that particular
exploration direction.

The two case studies required different computational procedures. Case Study 1 was solved with a
time limit of 220 seconds per exploration direction. For Case Study 2, a weight-independent LP was
first solved for each design and value of σ. Its primal solution was used to provide starting values for
the complete MILP, which was then solved with an initial time limit of 120 seconds. Runs 29 and 46
were subsequently rerun with a limit of 1,500 seconds. The extended rerun improved run 46 in several
scenarios, while run 29 remained difficult.

The warm start does not change the feasible set or equilibrium conditions. It may, however, influence
which incumbent is found before the time limit is reached. Together with the remaining solution gaps,

49
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this means that the reported minimum–maximum ranges represent the lowest and highest outcomes
found by the exploration procedure, not complete bounds on the equilibrium set.

Detailed solving times, gaps, difficult exploration directions, and the relationship between PTDF struc-
ture and computational performance are reported in Appendix D. No run is excluded from the subse-
quent results based on its solving gap.

5.2. Starting capacity position and need for new investment
Before comparing the capacity market designs, it is useful to establish how much new capacity can
still respond to the locational signal. The residual capacity requirement is identical in both case studies
because demand and renewable generation remain unchanged. The difference lies in the amount and
location of eligible legacy capacity.

Table 5.1: Capacity balance before new investment. A positive balance indicates a legacy surplus, while a negative value
indicates a deficit. All values are in MW.

Case study Level Requirement Legacy contribution Surplus or deficit New capacity needed

Case Study 1 System 16, 722.7 2, 088.2 −14, 634.5 14, 634.5
Case Study 1 Zone 1 7, 227.7 626.2 −6, 601.5 6, 601.5
Case Study 1 Zone 2 2, 560.3 139.0 −2, 421.3 2, 421.3
Case Study 1 Zone 3 7, 001.1 1, 323.0 −5, 678.1 5, 678.1

Case Study 2 System 16, 722.7 16, 286.7 −436.0 436.0
Case Study 2 Zone 1 7, 227.7 7, 266.2 38.5 0.0
Case Study 2 Zone 2 2, 560.3 4, 419.5 1, 859.2 0.0
Case Study 2 Zone 3 7, 001.1 4, 601.0 −2, 400.1 2, 400.1

In Case Study 1, 14,634.5 MW, or 87.5% of the system-wide requirement, has to be supplied by new
capacity. All three zones also start with a deficit. Under strict local procurement, the combined need
for new capacity is therefore 14,701.0 MW, slightly above the system-wide deficit because the zonal
residual-demand peaks do not fully coincide. The capacity mechanism consequently has considerable
freedom to influence where the controllable fleet is built.

Case Study 2 starts from a substantially different position. Legacy capacity already covers 97.4% of
the system-wide requirement, leaving a system-level deficit of only 436.0 MW. However, this capacity is
unevenly distributed. Zones 1 and 2 have legacy surpluses of 38.5 MW and 1,859.2 MW, while Zone 3
still lacks 2,400.1 MW. With strict local procurement, this deficit has to be filled within Zone 3. Cross-
zonal participation can instead make use of the existing surpluses and reduce the need for additional
investment. The locational signal therefore acts on most of the controllable fleet in Case Study 1, but
only on the remaining marginal investment in Case Study 2.

5.3. Effect of introducing a locational capacity market signal
The central comparison is between the country-wide capacity mechanism and the split design at σ =
0. The country-wide design only enforces the system-wide capacity requirement. The split design
additionally requires each zone to cover its own residual capacity requirement. Comparing these two
designs therefore isolates the effect of introducing a locational capacity market signal before cross-
zonal participation is allowed.

5.3.1. Capacity procurement
Table 5.2 compares the capacity requirement, accepted capacity, capacity prices, and capacity market
expenditure. Capacity market expenditure includes payments to all accepted capacity, including legacy
generators. It is therefore different from the fixed cost of newly built capacity.
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Table 5.2: Capacity procurement, prices, and capacity market expenditure under the country-wide and split designs. Capacity
prices are reported in e/MW and expenditure in million e.

Case study Design
Capacity

requirement [MW]
Accepted

capacity [MW]
System/Zone 1

price
Zone 2
price

Zone 3
price

Capacity market
expenditure [million e]

Case Study 1 Country-wide 16,722.7 16,722.7 53,935.5 – – 901.9
Case Study 1 Split 16,789.2 16,789.2 59,329.1 48,542.0 53,935.5 930.7

Case Study 2 Country-wide 16,722.7 16,722.7 4,559.1–5,472.6 – – 76.2–91.5
Case Study 2 Split 16,789.2 16,789.2–18,648.4 0.0 0.0 34,087.4 238.6

In Case Study 1, the country-wide design procures 16,722.7 MW. The three zonal requirements under
the split design sum to 16,789.2 MW, which is 66.5 MW or 0.4% higher. This difference results from
the zonal residual-demand peaks not occurring at exactly the same time. The split design therefore
requires slightly more capacity even though the underlying demand and renewable generation remain
unchanged.

Capacity market expenditure increases from e901.9 million to e930.7 million. Holding the capacity
price at the country-wide level, the additional 66.5 MW would increase expenditure by only around
e3.6 million. The remaining increase of approximately e25.2 million results from the different zonal
clearing prices. The increase is therefore mainly a price effect rather than a volume effect.

New investment is needed in all three zones in Case Study 1. Consequently, all zonal capacity prices
remain positive. Zone 1 has the highest price, while Zone 2 has the lowest. The split design therefore
not only requires slightly more capacity, but also requires part of the capacity to be procured in a more
expensive zone.

The starting position is different in Case Study 2. Under the country-wide design, the legacy fleet
supplies 16,286.7 MW of the requirement, leaving only 436.0 MW to new investment. This results in a
positive system-wide capacity price and capacity market expenditure between e76.2 million and e91.5
million across the explored equilibria.

Under the split design, legacy capacity is sufficient to meet the requirements of Zones 1 and 2. Their
capacity prices are therefore zero. Zone 3 contains 4,601.0 MW of eligible legacy capacity against a
requirement of 7,001.1 MW. The remaining 2,400.1 MWhas to be supplied by new investment, resulting
in a positive price of 34,087.4 e/MW in Zone 3.

The total capacity market expenditure is e238.6 million. Of this amount, approximately e81.8 million
is paid to the 2,400.1 MW of new capacity, while approximately e156.8 million is paid to the 4,601.0
MW of accepted legacy capacity in Zone 3. Therefore, the zonal clearing price is also paid to existing
capacity located in the deficient zone.

The zonal requirements sum to 16,789.2 MW, which remains the relevant procurement requirement un-
der the split design. However, some explored equilibria report accepted capacity of up to 18,648.4 MW.
This variation occurs entirely in Zone 2, where eligible legacy capacity exceeds the local requirement
by 1,859.2 MW and the capacity price is zero.

Because the model imposes a minimum procurement requirement rather than an equality, the demand
agent is indifferent between accepting only the required 2,560.3 MW and accepting the full 4,419.5 MW
of available legacy capacity in Zone 2. The additional accepted capacity therefore does not represent an
additional adequacy need. It also does not increase capacity market expenditure because it is accepted
at a price of zero. For the comparison between designs, 16,789.2 MW is consequently treated as the
relevant capacity requirement.

5.3.2. New capacity siting
The main effect of the locational signal is a shift in the zone in which new capacity is built. The zonal
allocation under both designs is shown in Figure 5.1. The zones shown for the country-wide design do
not represent separate capacity market zones, but the physical locations of the resulting investment
mapped to the three-zone definition.
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Figure 5.1: Zonal allocation of new capacity under the country-wide and split capacity market designs.

In Case Study 1, the country-wide design builds 10,000.0 MW in Zone 2 and 4,634.5 MW in Zone 3,
while no new capacity is built in Zone 1. Since the capacity mechanism only enforces aggregate ade-
quacy, it does not prevent investment from concentrating in the zones favoured by the energy market
revenues and investment-cost assumptions.

The split design instead builds 6,601.5 MW in Zone 1, 2,421.3 MW in Zone 2, and 5,678.1 MW in
Zone 3. Each zone therefore receives the new capacity needed to close its own capacity deficit. The
main effect is not the additional 66.5 MW procured overall, but the relocation of a substantial part of the
investment from Zone 2 towards Zone 1.

The same mechanism is visible in Case Study 2, although considerably less capacity remains available
to respond. Under the country-wide design, the remaining 436.0 MW is built in Zone 2. Under the split
design, Zone 3 has to close its local deficit and receives 2,400.1 MW of new capacity instead. The
locational signal therefore directs the incremental investment towards the deficient zone, even though
most of the controllable fleet is fixed in the legacy capacity.

The zonal investment totals remain effectively unchanged across the explored equilibria. The exact
nodal distribution within the zones varies, but is not interpreted further here. The exploration objective
has no economic interpretation, and the runs do not represent a probability distribution over possible
siting outcomes. The relevant result for this comparison is therefore the shift in investment between
zones rather than the detailed distribution within them.

5.3.3. Congestion outcomes
The change in capacity siting leads to a clear change in the ex-post congestion outcomes. Table 5.3
reports the observed minimum and maximum across the explored outcomes. These ranges describe
the outcomes found by the exploration procedure and should not be interpreted as confidence intervals
or probability-weighted distributions.

Redispatch volume includes both upward and downward redispatch. Grid-related load shedding is
reported separately because it indicates that the available generation capacity cannot fully restore
network feasibility.

Table 5.3: Observed congestion-outcome ranges under the country-wide and split designs. Volumes are reported in TWh.
Redispatch cost excludes grid-related load-shedding costs.

Case study Design
Redispatch
volume [TWh]

Upward
redispatch [TWh]

Downward
redispatch [TWh]

Grid-related load
shedding [TWh]

Redispatch cost
[million e]

Case Study 1 Country-wide 14.13–30.63 5.21–12.39 8.22–18.24 2.30–5.86 −253.4–−109.0
Case Study 1 Split 0.00–2.37 0.00–1.14 0.00–1.23 0.00–0.091 −4.36–0.74

Case Study 2 Country-wide 0.072–0.373 0.015–0.131 0.056–0.243 0.034–0.112 −7.93–−2.62
Case Study 2 Split 0.045–0.205 0.023–0.102 0.023–0.102 0.000 0.013–0.118



5.3. Effect of introducing a locational capacity market signal 53

In Case Study 1, the country-wide design results in between 14.13 and 30.63 TWh of redispatch. Under
the split design, the observed range falls to between zero and 2.37 TWh. The effect is therefore visible
at both ends of the range. Themaximum redispatch volume under the split design remains substantially
below the minimum observed under the country-wide design.
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Figure 5.2: Observed redispatch-volume ranges under the country-wide and split capacity market designs.

The effect remains visible in Case Study 2, although the absolute redispatch volumes are much smaller.
The country-wide design requires between 0.072 and 0.373 TWh of redispatch, compared to between
0.045 and 0.205 TWh under the split design. The two ranges overlap, meaning that the split design
does not produce less redispatch in every comparison between the explored outcomes. Nevertheless,
both the lower and upper ends of the observed range decrease.

The stronger result concerns grid-related load shedding. Every explored country-wide outcome in Case
Study 1 contains between 2.30 and 5.86 TWh of grid-related load shedding. Under the split design, 50
of the 80 explored outcomes require none. The remaining outcomes reach a maximum of 0.091 TWh.
The locational signal therefore does not eliminate grid-related load shedding in every explored siting
outcome, but it strongly reduces both its occurrence and its maximum magnitude.
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Figure 5.3: Observed grid-related load-shedding ranges under the country-wide and split capacity market designs.

In Case Study 2, all country-wide outcomes contain grid-related load shedding, ranging from 0.034 to
0.112 TWh. The split design eliminates it in all 80 explored outcomes. Although only the incremental
investment can respond in this case study, directing this capacity towards Zone 3 is sufficient to restore
network feasibility throughout the explored set.

A reduction in redispatch volume and a reduction in grid-related load shedding represent different ef-
fects. Lower redispatch means that fewer ex-post interventions are required. Lower grid-related load
shedding means that sufficient controllable capacity is available in locations from which the network can
be returned to a feasible operating point. The latter is therefore more directly connected to capacity
deliverability and security of supply.

The redispatch-cost ranges in Table 5.3 exclude grid-related load-shedding costs. Negative redispatch
costs occur when the avoided variable costs from downward redispatch exceed the additional costs
of upward redispatch. They are therefore incomplete without looking at the costs for grid related load
shedding.

Grid-related load-shedding costs are kept separate because they are mechanically determined by the
assumed penalty and would otherwise dominate the comparison. At the modeled penalty, they amount
to e158.7–404.0 billion under the country-wide design in Case Study 1, compared to e0–6.28 billion
under the split design. In Case Study 2, they amount to e2.38–7.73 billion under the country-wide
design and zero under the split design. The combined cost implications and their dependence on the
assumed penalty are discussed separately in Section 5.6.

5.3.4. Interim conclusion on introducing a locational signal
Introducing separate zonal requirements changes where new capacity is built in both case studies. In
Case Study 1, several gigawatts move from Zone 2 to Zone 1. Required procurement rises by 0.4%
and capacity-market expenditure by roughly 3%, while grid-related load shedding falls from 2.30–5.86
TWh to at most 0.091 TWh. In Case Study 2, the remaining new capacity moves to the deficient Zone 3.
Expenditure and new investment increase, the redispatch range falls, and grid-related load shedding
disappears from all explored outcomes. The main observed effect is improved deliverability rather than
lower redispatch.
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5.4. How cross-zonal participation modifies the locational signal
Having established the effect of introducing a locational signal, this section examines how allowing
neighboring capacity to contribute changes its strength and consequences. Cross-zonal participation
is treated as a secondary design choice within the split capacity mechanism. At σ = 0, each zone
remains locally responsible for its full requirement. As σ increases, a larger share of this obligation can
be covered by capacity located in another zone.

5.4.1. Zonal capacity obligations and transfers
Table 5.4 shows the resulting effective requirements. The sum of the three zonal requirements remains
16,789.2 MW for every value of σ. The transfer formulation is zero-sum: a reduction in the requirement
of one zone is matched by an equal increase elsewhere. Cross-zonal participation therefore reallocates
procurement obligations rather than reducing the total zonal requirement.

Table 5.4: Effective zonal capacity requirements under increasing cross-zonal participation. All values are in MW. Ranges
indicate variation across the explored equilibria.

Case study σ Zone 1 Zone 2 Zone 3 Total

Case Study 1 0.00 7,227.7 2,560.3 7,001.1 16,789.2
Case Study 1 0.25 6,039.1 3,749.0 7,001.1 16,789.2
Case Study 1 0.50 4,850.4 4,937.7 7,001.1 16,789.2
Case Study 1 0.75 3,661.7 6,126.3 7,001.1 16,789.2
Case Study 1 1.00 2,473.1 7,315.0 7,001.1 16,789.2

Case Study 2 0.00 7,227.7 2,560.3 7,001.1 16,789.2
Case Study 2 0.25 7,227.7–7,266.2 3,710.5–3,749.0 5,812.4 16,789.2
Case Study 2 0.50 7,266.2 4,899.2 4,623.8 16,789.2
Case Study 2 0.75 7,266.2 4,922.0 4,601.0 16,789.2
Case Study 2 1.00 7,266.2 4,922.0 4,601.0 16,789.2

In Case Study 1, Zone 1 imports capacity contributions from the other zones. Its local procurement
obligation consequently falls from 7,227.7 MW at σ = 0 to 2,473.1 MW at σ = 1. Zone 2 takes over
the corresponding obligation, which increases from 2,560.3 MW to 7,315.0 MW. The net obligation of
Zone 3 remains unchanged. At every positive value of σ, the available transfer envelope is fully used.
The mechanism therefore shifts as much of the obligation as permitted from the more expensive Zone 1
towards Zone 2.

The system-wide capacity floor remains non-binding throughout. Its requirement is 16,722.7 MW, while
the sum of the effective zonal requirements remains 66.5 MW higher. Allowing cross-zonal participation
therefore does not remove the over-procurement caused by non-coincident zonal residual-demand
peaks.

In Case Study 2, Zone 3 is the importing zone. Its effective requirement falls from 7,001.1 MW to
5,812.4 MW at σ = 0.25 and to 4,623.8 MW at σ = 0.50. At σ = 0.75, it reaches 4,601.0 MW, which
is exactly equal to the eligible legacy capacity already available in the zone. The full initial deficit of
2,400.1 MW has then been transferred to Zones 1 and 2. Increasing σ further does not change the
effective obligations.

At σ = 0.25, the exact division of the exporting obligation between Zones 1 and 2 varies slightly. Both
zones contain surplus legacy capacity and have a zero capacity price. Themodel is therefore indifferent
between alternative allocations of the same total transfer. The economically relevant outcome is the
fixed reduction of 1,188.7 MW in the requirement of Zone 3, rather than the precise division between
the two exporting zones.

The distinction between required and accepted capacity remains important. The required procurement
is 16,789.2 MW at every value of σ. At σ = 0 and σ = 0.25 in Case Study 2, the reported accepted
capacity can exceed this value because additional legacy capacity is accepted in zero-price zones. This
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does not represent a higher adequacy requirement and does not increase capacity market expenditure.
From σ = 0.50 onward, accepted capacity and required procurement coincide.

5.4.2. Capacity market cost
The reallocation of obligations affects capacity market expenditure through several channels. Procure-
ment may move between zones with different prices, less new capacity may be required, and the
identity of the marginal unit may change. Table 5.5 reports the zonal prices and expenditure.

Table 5.5: Zonal capacity prices and capacity market expenditure under increasing cross-zonal participation. Prices are
reported in e/MW and expenditure in million e.

Case study σ
Zone 1
price

Zone 2
price

Zone 3
price

Zone 1
expenditure

Zone 2
expenditure

Zone 3
expenditure

Total
expenditure

Case Study 1 0.00 59,329.1 48,542.0 53,935.5 428.8 124.3 377.6 930.7
Case Study 1 0.25 59,329.1 48,542.0 53,935.5 358.3 182.0 377.6 917.9
Case Study 1 0.50 59,329.1 48,542.0 53,935.5 287.8 239.7 377.6 905.1
Case Study 1 0.75 59,329.1 48,542.0 53,935.5 217.2 297.4 377.6 892.2
Case Study 1 1.00 59,329.1 48,542.0 53,935.5 146.7 355.1 377.6 879.4

Case Study 2 0.00 0.0 0.0 34,087.4 0.0 0.0 238.6 238.6
Case Study 2 0.25 0.0 0.0 18,839.9 0.0 0.0 109.5 109.5
Case Study 2 0.50 5,975.3 5,975.3 11,368.9 43.4 29.3 52.6 125.3
Case Study 2 0.75 5,975.3 5,975.3 5,975.3 43.4 29.4 27.5 100.3
Case Study 2 1.00 5,975.3 5,975.3 5,975.3 43.4 29.4 27.5 100.3

In Case Study 1, the zonal prices remain unchanged as σ increases. Capacity market expenditure nev-
ertheless falls from e930.7 million to e879.4 million. The reduction results from procurement moving
from Zone 1, where the capacity price is highest, towards the cheaper Zone 2. Total required pro-
curement and total new capacity remain unchanged. The cost reduction is therefore almost entirely a
spatial reallocation effect.
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Figure 5.4: Capacity market expenditure under increasing cross-zonal participation.

The cost response is different in Case Study 2. Expenditure first falls from e238.6 million at σ = 0 to
e109.5 million at σ = 0.25. The requirement of Zone 3 is reduced, while the additional obligation in
Zones 1 and 2 can still be covered by legacy capacity at zero prices.

At σ = 0.50, total expenditure increases again to e125.3 million, even though less new capacity is built.
The capacity prices in Zones 1 and 2 become positive, meaning that accepted legacy capacity in these
zones also receives payments. Zone 3 still requires a small amount of new investment and retains a
higher price. The expenditure change can therefore not be explained by the amount of new capacity
alone.

At σ = 0.75, the Zone 3 requirement is fully covered by its legacy fleet. The same price of 5,975.3
e/MW then applies in all three zones, and total expenditure falls to e100.3 million. The result remains
unchanged at σ = 1. Cross-zonal participation can therefore reduce the cost of the locational design,
but the cost response is not necessarily monotonic because both new and legacy capacity receive the
zonal clearing price.

5.4.3. Siting response
The reallocation of capacity obligations weakens the local investment signal. Figure 5.5 shows how
new capacity moves between the three zones as σ increases.
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Figure 5.5: Zonal allocation of new capacity under increasing cross-zonal participation.

In Case Study 1, total new capacity remains constant at 14,701.0 MW. Its location changes progres-
sively. New capacity in Zone 1 falls from 6,601.5 MW at σ = 0 to 1,846.9 MW at σ = 1, while investment
in Zone 2 increases from 2,421.3 MW to 7,176.0 MW. Zone 3 remains at 5,678.1 MW.

The siting pattern therefore moves towards the country-wide result as the local requirement is relaxed.
It does not fully converge, however. At σ = 1, 1,846.9 MW is still built in Zone 1, while the country-wide
design builds no capacity there. The split design consequently retains a locational effect even at the
highest level of participation.

In Case Study 2, cross-zonal participation also reduces the total amount of new capacity. At σ = 0,
2,400.1 MW is built in Zone 3. This falls to 1,211.4 MW at σ = 0.25. At σ = 0.50, only 22.8 MW remains
in Zone 3, while 479.7 MW is built in Zone 2. From σ = 0.75 onward, all 502.5 MW of new capacity is
located in Zone 2.

The siting pattern has then almost converged to the country-wide outcome, which also places the
remaining investment in Zone 2. The difference of 66.5 MW is the additional capacity still required
because the zonal residual-demand peaks do not coincide. In this case, weakening the locational signal
reallocates investment by removing most of the additional new capacity initially required in Zone 3.

The response is not linear. In Case Study 1, the transfer limit produces a gradual relocation between
Zones 1 and 2. In Case Study 2, the response is threshold-based. Once enough of the Zone 3 obligation
can be shifted to zones with existing surplus capacity, the remaining new investment moves almost
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entirely to Zone 2.

The detailed nodal distribution is not interpreted further. As in the previous section, the exploration runs
do not represent a probability distribution and their objective has no economic meaning. The relevant
result is the change in zonal siting and total new capacity.

5.4.4. Congestion response
Weakening the local investment signal also changes the exposure to ex-post congestion management.
Table 5.6 reports the observed minimum–maximum ranges. Grid-related load-shedding costs remain
separate from redispatch costs and are not included in this comparison.

Table 5.6: Observed congestion-outcome ranges under increasing cross-zonal participation. Volumes are reported in TWh and
redispatch costs in million e. Redispatch costs exclude grid-related load-shedding costs.

Case study σ
Redispatch
volume [TWh]

Grid-related load
shedding [TWh]

Redispatch cost
[million e]

Case Study 1 0.00 0.00–2.37 0.000–0.091 −4.36–0.74
Case Study 1 0.25 0.00–3.56 0.000–0.164 −7.88–0.84
Case Study 1 0.50 0.19–10.69 0.000–0.314 −15.08–0.15
Case Study 1 0.75 0.47–10.83 0.065–0.848 −40.78–−2.81
Case Study 1 1.00 5.21–22.41 0.453–2.204 −102.81–−21.81

Case Study 2 0.00 0.045–0.205 0.000 0.013–0.118
Case Study 2 0.25 0.032–0.169 0.000 0.013–0.155
Case Study 2 0.50 0.072–0.332 0.033–0.107 −8.84–−2.25
Case Study 2 0.75 0.062–0.311 0.033–0.112 −7.52–−2.07
Case Study 2 1.00 0.060–0.328 0.033–0.112 −9.23–−2.07

In Case Study 1, both ends of the redispatch range generally increase as the locational signal is weak-
ened. The upper bound rises from 2.37 TWh at σ = 0 to 22.41 TWh at σ = 1. Grid-related load
shedding follows the same direction, increasing from a range of zero–0.091 TWh to 0.453–2.204 TWh.
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Figure 5.6: Observed redispatch-volume ranges under increasing cross-zonal participation.

The deterioration is not uniform between consecutive values of σ. The largest change occurs between
σ = 0.75 and σ = 1, when a further reduction of capacity in Zone 1 substantially increases the lower
and upper ends of the redispatch range. This indicates that the relationship is affected by network
thresholds rather than only by the aggregate amount of capacity moved.

At σ = 1, the congestion outcomes still remain below the country-wide results. The redispatch range
of the country-wide design is 14.13–30.63 TWh, compared to 5.21–22.41 TWh under the split design.
Grid-related load shedding is 2.30–5.86 TWh under the country-wide design, compared to 0.453–2.204
TWh at σ = 1. The split design therefore retains part of its deliverability benefit even at the highest
level of cross-zonal participation.

The Case Study 2 response is less monotonic. At σ = 0.25, the redispatch range falls slightly from
0.045–0.205 TWh to 0.032–0.169 TWh, while grid-related load shedding remains zero. Moderate
cross-zonal participation can therefore improve the siting outcome without immediately removing the
deliverability benefit.

Once most of the investment moves from Zone 3 to Zone 2 at σ = 0.50, grid-related load shedding
appears and the redispatch range increases to 0.072–0.332 TWh. The outcomes at σ = 0.75 and
σ = 1 remain close to this level.
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Figure 5.7: Observed grid-related load-shedding ranges under increasing cross-zonal participation.

At σ = 1, the Case Study 2 results almost coincide with the country-wide design. Redispatch reaches
0.060–0.328 TWh, compared to 0.072–0.373 TWh under the country-wide design. Grid-related load
shedding reaches 0.033–0.112 TWh, compared to 0.034–0.112 TWh. This corresponds to the near-
convergence of the zonal investment pattern.

The remaining non-monotonicity is consistent with the meshed-network structure. Moving capacity
from one zone or node can relieve one network constraint while worsening another. Similar aggregate
siting outcomes can therefore result in slightly different redispatch ranges depending on the exact nodal
distribution and dispatch.

The negative redispatch-cost values again arise when the variable-cost savings from downward redis-
patch exceed the cost of upward redispatch. They do not include the cost assigned to grid-related load
shedding and should not be interpreted as a complete congestion-cost measure.

5.4.5. Interim conclusion on cross-zonal participation
Cross-zonal participation lowers the cost of the locational mechanism by letting procurement obliga-
tions move between zones. In Case Study 1, investment reallocates from the more expensive Zone 1
toward Zone 2, while total procurement and total new capacity remain unchanged. In Case Study 2,
new investment falls from 2,400.1 MW to 502.5 MW because legacy surpluses can cover neighboring
requirements, although expenditure does not fall monotonically: changes in zonal prices also affect
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payments to accepted legacy capacity. In both cases the investment pattern moves back toward the
country-wide result as σ increases, gradually in Case Study 1 and threshold-based in Case Study 2.

5.5. Network mechanisms behind the congestion outcomes
The previous sections showed that strict zonal procurement substantially reduces redispatch and grid-
related load shedding, while increasing cross-zonal participation weakens this effect. This section
briefly examines the network mechanism behind these outcomes. The aim is not to provide a complete
line-by-line assessment, but to identify whether congestion is concentrated on a small number of con-
straints and to explain why sufficient aggregate capacity does not always result in feasible redispatch.

5.5.1. Dominant bottlenecks and capacity siting
The overload results are strongly concentrated. In Case Study 1, Lines 26, 27, 34, 11, and 14 are the
five most important constraints across the different market designs. Together, the five most overloaded
lines account for between 68.1 and 90.8% of the total pre-redispatch overload index. All five lines are
overloaded under every investigated design. The most severe individual overload occurs on Line 27
and reaches approximately 4.12 GW.

The concentration is even stronger in Case Study 2, where the five most important lines account for
between 89.2 and 100% of the overload index. However, the lines with the largest total overload are
not necessarily those associated with grid-related load shedding. Lines 5, 20, and 4 dominate the total
overload index, while grid-related load shedding is primarily associated with Lines 7, 12, 8, 14, and 23.
This distinction matters because a frequently overloaded line does not necessarily make redispatch
infeasible.

Table 5.7: Dominant transmission constraints across the investigated market designs.

Case study Lines with highest total over-
load

Lines most associated with
grid-related load shedding

Share represented by five
largest lines

Case Study 1 26, 27, 34, 11, 14 34, 26, 27, 11, 14 68.1–90.8%
Case Study 2 5, 20, 4, 7, 12 7, 12, 8, 14, 23 89.2–100%

The overload index sums the MW exceedance across representative run-hours and exploration runs. It is used to rank the
lines and should not be interpreted as annual overload energy.

The change in the dominant lines also reflects the change in capacity siting. Under strict zonal pro-
curement in Case Study 1, the largest overload values occur on Lines 34, 20, 12, 8, and 5, but their
combined magnitude remains far below the country-wide outcome. At σ = 1, Lines 26, 34, 27, 11, and
14 again form the five largest constraints, closely resembling the country-wide design.

The PTDF results support this interpretation. Investment at nodes on the loading side of Lines 26 and
34 is consistently associated with higher overload on these lines. Strict zonal procurement instead
places more controllable capacity in areas with a local capacity deficit, thereby reducing the need to
transfer energy across the dominant corridors. As cross-zonal participation increases, this siting effect
weakens and the original bottlenecks gradually reappear.

5.5.2. Redispatch feasibility and local headroom
The remaining question is why congestion sometimes results in grid-related load shedding rather than
additional upward redispatch. Figure 5.8 compares the selected highest-shedding event for the country-
wide design, strict zonal procurement, and σ = 1 in Case Study 1. All three selected events occur at
model timestep t = 177, corresponding to the first hour of the eighth representative day. This repre-
sentative day corresponds to original day 348 of the input year.
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Figure 5.8: Downward redispatch and the corresponding balancing response in the selected Case Study 1 scarcity events.
The right-hand bar combines upward redispatch and grid-related load shedding. The upward headroom reported below each

design refers to the market dispatch before redispatch.

Under country-wide procurement, all controllable capacity is already fully dispatched before redispatch.
The TSO redispatches 5,013.5 MW downward in Zone 2, but no upward headroom is available else-
where. The same volume must therefore be shed in Zone 1.

Strict zonal procurement changes this outcome. It retains 66.5 MW of upward headroom in Zone 1,
which is fully used. Downward redispatch falls to 764.0MWand grid-related load shedding to 697.5MW.
The remaining shedding occurs because Line 8 is binding after redispatch.

At σ = 1, only 66.5 MW of nominal upward headroom remains, now located in Zone 2. This headroom
is not used because it cannot relieve the constrained area without violating another network constraint.
Lines 11, 12, 14, 26, and 34 are binding after redispatch, and 3,219.8 MW is shed in Zone 1.

Case Study 2 shows the same mechanism at a smaller scale. In the selected strict-zonal event,
395.0 MW of upward redispatch is available and no grid-related load shedding occurs. In the selected
country-wide and σ = 1 events, no upward redispatch is possible and both outcomes require 875.2 MW
of grid-related load shedding.

The network benefit of the locational signal therefore does not follow from an increase in aggregate
capacity. It follows from placing controllable capacity on the electrically useful side of the important
constraints and preserving local upward redispatch capability. Increasing cross-zonal participation
weakens this effect. Capacity again shifts towards locations that are attractive for procurement but
less useful during network scarcity, causing the dominant bottlenecks and grid-related load shedding
to reappear.

5.6. Combined capacity market and congestion-cost comparison
The previous sections considered capacity market expenditure and congestion outcomes separately.
This section combines them in one accounting measure to compare the additional ex-ante expenditure
of a locational mechanism with its effect on ex-post congestion. The measure is defined as

Ccombined = CCM + CRD + V OLLgridEgrid-LS, (5.1)

where CRD excludes grid-related load shedding. This is not a complete social-cost measure. Capacity
market payments are transfers to generators, while redispatch costs represent changes in generation
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cost. The calculation is used only to compare capacity market expenditure with the monetary conse-
quences assigned to congestion.

The physical redispatch and load-shedding outcomes remain unchanged. Only the ex-post value as-
signed to grid-related load shedding is varied. All complete exploration runs are included after rerun
replacement, without applying a solving-gap threshold. The results are again reported as observed
minimum–maximum ranges rather than probability-weighted outcomes.

5.6.1. Observed combined-cost comparison
Figure 5.9 compares capacity market expenditure, capacity market expenditure plus net redispatch
cost, and the combined cost at the modeled value of V OLLgrid = 69,000 e/MWh. A logarithmic scale
is used because the valuation of grid-related load shedding increases the combined cost by several
orders of magnitude in some outcomes.
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Figure 5.9: Observed ranges of capacity market expenditure, capacity market expenditure plus net redispatch cost, and
combined cost after valuing grid-related load shedding at 69,000 e/MWh.

In Case Study 1, the capacity market cost difference remains small compared with the congestion ex-
posure. Country-wide procurement costs approximately 901.9 million e, while strict zonal procurement
increases this to 930.7 million e. As cross-zonal participation increases, expenditure falls and reaches
879.4 million e at σ = 1. As discussed in Sections 5.3 and 5.4, this development is mainly caused by
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the changing zonal prices and the reallocation of procurement between Zones 1 and 2.

Net redispatch cost is considerably smaller than either capacity market expenditure or the cost of grid-
related load shedding. It is negative in several runs because the variable-cost reduction from downward
redispatch exceeds the cost of upward redispatch under the model’s redispatch accounting. This re-
duces the combined value of CCM + CRD, but does not change the overall comparison.

Once grid-related load shedding is included, the country-wide combined cost in Case Study 1 ranges
from 159.48 to 404.69 billion e, of which grid-related load shedding accounts for nearly the entire
amount. Under strict zonal procurement, the range falls to 0.93–7.21 billion e. The range then in-
creases with σ, reaching 32.15–152.83 billion e at σ = 1. Even at this level of cross-zonal participation,
the observed maximum remains below the minimum country-wide outcome.

Case Study 2 shows the same mechanism, but the difference between designs is smaller. The country-
wide combined cost ranges from 2.45 to 7.82 billion e. Strict zonal procurement has a higher capacity
market expenditure of 238.6 million e, but eliminates grid-related load shedding in all explored runs.
Its combined cost therefore remains between 238.7 and 238.8 million e. At σ = 0.25, the combined
cost falls further to approximately 109.5–109.7 million e because the locational benefit is maintained
while capacity market expenditure is substantially lower.

From σ = 0.5 onwards, grid-related load shedding reappears and the combined-cost ranges approach
the country-wide outcome. At σ = 0.75 and σ = 1, the combined cost ranges from approximately 2.38
to 7.83 billion e. The higher values of σ therefore no longer provide a clear combined-cost advantage
in every explored equilibrium.

5.6.2. Break-even valuation of grid-related load shedding
The combined-cost comparison depends strongly on the value assigned to grid-related load shedding.
To test this dependence without changing the physical model outcomes, a break-even value is calcu-
lated for every matched country-wide and split-design run:

V OLLgrid,∗ =

(
CCM

L − CCM
CW

)
+
(
CRD

L − CRD
CW

)
Egrid-LS

CW − Egrid-LS
L

, (5.2)

where L denotes the respective locational design and CW the country-wide design. The break-even
value indicates the minimum value that must be assigned to each MWh of grid-related load shedding
avoided by the locational design for its higher capacity market and redispatch costs to be recovered.
At this value, both designs have the same combined cost. Above it, the avoided grid-related load
shedding gives the locational design the lower combined cost. Below it, the reduction in load shedding
is not valued highly enough to compensate for its additional cost.

Table 5.8: Observed break-even values relative to country-wide procurement.

Case study σ

Break-even range
[e/MWh]

Locational design has lower combined cost
at 69,000 e/MWh

Case Study 1 0 47.2–60.7 80/80
Case Study 1 0.25 45.0–55.1 80/80
Case Study 1 0.50 42.7–49.8 80/80
Case Study 1 0.75 39.5–43.4 80/80
Case Study 1 1 23.8–37.6 80/80

Case Study 2 0 1,357–4,784 80/80
Case Study 2 0.25 204–1,044 80/80
Case Study 2 0.50 615–38,335 76/80
Case Study 2 0.75 186–62,347 69/80
Case Study 2 1 186–1,354,921 70/80

Break-even ranges are calculated only for matched runs in which the locational design reduces grid-related load shedding.
The final column compares combined cost directly across all 80 matched runs at the modeled value of V OLLgrid.
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In Case Study 1, all break-even values remain below 61 e/MWh. They are therefore far below the
value used in the model, and every locational design has a lower combined cost than country-wide
procurement in all 80 matched runs. Increasing σ reduces the amount of avoided grid-related load
shedding, but it also lowers the difference in capacity market and net redispatch cost. The resulting
break-even ranges therefore remain low.

For Case Study 2, strict zonal procurement has a higher break-even range of approximately 1,357–
4,784 e/MWh because the additional capacity market expenditure is larger and the country-wide load-
shedding volume is much lower than in Case Study 1. The range falls to 204–1,044 e/MWh at σ = 0.25,
giving this design the lower combined cost in all matched runs at the modeled value.

The higher values of σ no longer produce a uniform result. In several matched runs, the locational
design avoids little, no, or even less grid-related load shedding than the country-wide design. Where
the difference in physical shedding becomes very small, the break-even value can become extremely
large, as visible for σ = 1. This does not indicate a proportionally larger economic benefit. It instead
reflects that almost no avoided load shedding remains over which the cost difference can be spread.

Overall, capacity market expenditure changes relatively predictably, while the combined-cost ranges
are mainly driven by grid-related load shedding. Under the selected valuation, strict zonal procure-
ment and limited cross-zonal participation have a lower combined cost mainly because they avoid
high-impact load-shedding outcomes, not because of redispatch-cost savings alone. At higher partici-
pation levels, this difference becomes less consistent across the explored equilibria.

5.7. Synthesis across both case studies
The results show that a locational capacity-market signal changes more than the cost of capacity pro-
curement: it changes where controllable capacity is located and, with that, how useful this capacity is
once network constraints bind. Two factors explain most of the difference between the explored out-
comes. The inherited generation fleet determines howmuch capacity can still respond to the signal, and
cross-zonal participation determines how strongly that signal is maintained. This section synthesizes
what only the comparison across the two case studies shows. The per-case results are summarized
in subsections 5.3.4 and 5.4.5.

5.7.1. What changes when a locational signal is introduced?
Across both case studies, separate zonal requirements shift controllable capacity toward deficit zones
and reduce reliance on transfers across the dominant constraints. The comparison adds two observa-
tions that neither case shows alone.

First, the size of the response scales with the open investment margin, but the effectiveness does not.
In Case Study 1 the signal can still shape most of the final fleet, and congestion outcomes respond
strongly. In Case Study 2 the same mechanism acts on a small residual deficit, yet closing that deficit
is sufficient to eliminate grid-related load shedding. The signal works through different margins in the
two systems: it reshapes the fleet in one and completes it in the other.

Second, the consistent result is not a simple increase in capacity-market expenditure. Zonal procure-
ment raises expenditure in both cases, for different reasons: non-coincident zonal residual-demand
peaks in Case Study 1 and zonal prices paid to eligible legacy capacity in Case Study 2. What is
consistent is the improvement in deliverability. The risk that aggregate adequacy cannot be translated
into feasible supply falls in both systems, and the monetary weight of this improvement depends on the
value assigned to grid-related load shedding.

5.7.2. How does cross-zonal participation modify that effect?
In both case studies, participation moves the capacity distribution back toward the country-wide out-
come, but the path differs. In Case Study 1 the return is gradual: each increase in σ shifts investment
further toward Zone 2, and the dominant bottlenecks reappear step by step, although the outcome
at σ = 0 still remains better than fully country-wide procurement. In Case Study 2 the response is
threshold-based: up to σ = 0.25 most of the locational benefit is preserved at substantially lower pro-
curement cost, and from σ = 0.5 onward grid-related load shedding reappears.
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The comparison also showswhy the cost saving differs. Participation only avoids new investment where
the exporting zone holds surplus legacy capacity. Where it does not, as in Case Study 1, participation
reallocates procurement rather than reducing it. The value of cross-zonal participation is therefore not
a design constant. It depends on the starting system, and no single value of σ is optimal across both
cases.



6
Discussion

Chapter 5 showed how the capacity market design affects procurement, investment siting, redispatch,
and grid-related load shedding. This chapter interprets these findings and discusses how far they can
be generalized. The limitations are addressed first, followed by themain findings on deliverability, cross-
zonal participation, and the inherited generation fleet. The chapter then turns to the wider design and
institutional implications.

6.1. Limitations and interpretation boundaries
Before interpreting the results, it is important to distinguish between limitations that affect the exact
numerical outcomes and those that limit what the model represents more generally. The first group
mainly concerns the exploration of alternative equilibria and the remaining solution gaps. The second
concerns the simplified investment, temporal, and network representation. A final limitation lies in the
monetary valuation of congestion outcomes.

6.1.1. Equilibrium exploration and computational limitations
The market model can produce several capacity-siting outcomes with the same primary objective value.
The PTDF-based exploration objective was introduced to recover spatially different points from this so-
lution space. It has no economic interpretation, and the exploration directions do not form a probability
distribution. The frequency with which an outcome occurs across the runs therefore says nothing about
how likely that outcome would be in practice.

For this reason, the reported minimum–maximum ranges should be read as systematically identified
outcomes rather than distributions. Their main value is to show that market-equivalent siting decisions
can have very different network consequences. They do not establish complete bounds on the solution
space. Additional exploration directions could still identify outcomes outside the observed ranges.

The warm-start procedure and the time limit add another restriction. The warm start is needed to find
feasible incumbents for a difficult mixed-integer problem, but it may influence which part of the solution
space is reached when the time limit binds. Several exploration directions remain associated with larger
gaps, including after the reruns. Since the same directions are difficult across several capacity market
designs, this appears to be partly a structural feature of the formulation rather than a problem of one
scenario alone.

These issues matter most for the exact width of the ranges and for the reported minima and maxima.
They matter less for the comparison between the designs. Across both case studies, country-wide
procurement, strict zonal procurement, and increasing cross-zonal participation lead to consistently
different capacity distributions and congestion outcomes. The direction of the design effect is therefore
more robust than the precise extrema of the observed ranges.

68
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6.1.2. Simplified investment and system representation
New CCGT capacity has substantial spatial freedom in the model. It can be built at every candidate
node without restrictions related to land availability, permits, gas infrastructure, cooling, labor, or grid-
connection lead times. Case Study 1 consequently represents a system in which most of the future
controllable fleet can respond directly to the capacity market signal. This is useful for identifying the
mechanism, but it likely overstates how quickly a real capacity market could reshape the full generation
fleet.

Case Study 2 provides a more conservative comparison because most controllable capacity is inherited
and fixed. Only the remaining investment requirement can react. Even this case remains stylized, since
retirement and replacement are not modeled dynamically. In practice, the locational signal would gain
influence gradually as existing plants retire and new capacity becomes necessary.

The cost differences between otherwise similar generators are also stylized. Fixed-cost differences
are needed to avoid investment degeneracy, while variable-cost differences prevent the energy market
dispatch from being determined by solver tie-breaking alone. They should not be interpreted as fore-
casts of the exact costs at individual locations. Real differences would arise from connection charges,
land prices, gas access, financing conditions, and local permitting, among other factors. The precise
investment nodes and capacity prices are therefore less robust than the broader finding that local re-
quirements change where investment occurs.

Temporal aggregation introduces a different uncertainty. The representative days preserve recurring
combinations of demand and renewable availability, but they may omit rare conditions in which high
demand, low renewable output, and severe congestion occur together. These are precisely the con-
ditions that can determine adequacy and redispatch feasibility. The model may therefore understate
some extreme scarcity outcomes. A different selection of representative periods could also change
which zones and lines emerge as most critical.

The transmission network is based on a clustered PyPSA-Eur representation and not on a complete
operational model of the Dutch grid. Line capacities, nodal demand, generator connections, and the
capacity market zones are approximations. Individual overloaded lines and exact node-level outcomes
should therefore not be read as operational forecasts. The relevant finding is more general: different
spatial distributions of controllable capacity interact differently with a meshed and constrained network.

Cross-border trade with other countries, storage, demand response, and other flexible technologies
are excluded. Imports could reduce domestic investment needs. Storage and demand response could
provide local capacity and upward redispatch headroom, which would reduce the role of newCCGT and
potentially lower grid-related load shedding. Their exclusion makes thermal investment more important
in the model. It does not, however, remove the underlying question of where flexible capacity must be
available.

6.1.3. Interpretation of congestion and total costs
Cross-zonal participation is represented through pairwise maximum entry capacity values. These limits
control how much capacity in a neighboring zone can contribute to the local requirement, but they do
not verify whether several transfers can take place simultaneously. In a meshed network, different
zonal contributions may rely on the same physical lines. The capacity mechanism can therefore credit
a combination of transfers that would not be jointly deliverable during scarcity.

This becomes more important as σ increases. At high participation levels, the local obligation may be
relaxed further than a full network assessment would permit. The resulting congestion and grid-related
load shedding should therefore be interpreted as the effect of relaxing local procurement under the
chosen MEC formulation. They are not a prediction of what a more detailed flow-based design would
produce.

The monetary comparison is also sensitive to the value assigned to grid-related load shedding. The
physical redispatch and load-shedding volumes do not changewith the ex-post valuation, while the total-
cost ranking does. A comparison at one value of V OLLgrid can therefore give a false sense of precision.
The break-even analysis is more useful because it shows how highly avoided load shedding must be
valued before the additional procurement and redispatch costs of a locational design are recovered.
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The model thus provides stronger evidence on physical outcomes than on exact monetary differences.
Capacity siting, local headroom, dominant bottlenecks, and grid-related load shedding can be com-
pared directly across the designs. The total-cost ranking remains conditional on assumptions that are
more difficult to justify precisely.

For case study 1, the redispatch and load shedding volumes are very high, also in comparison to case
study 2. The freedom offered by the first case study’s small legacy system allows for more extreme
siting outcomes. In some cases, grid related load shedding volumes equal several percent of overall
energy traded on the energy market. Hence, the high V OLLgrid plus high grid related load shedding
volumes in case study 1 make the costs almost entirely driven by grid related load shedding.

6.2. Interpretation of the main findings
Despite these limitations, a clearmechanism emerges from the results. Locational procurement changes
where controllable capacity is built and, through this, whether it remains useful once the network be-
comes constrained. The following subsections discuss this effect, the trade-off created by cross-zonal
participation, and the importance of the inherited generation fleet and the selected spatial resolution.

6.2.1. Locational capacity as a deliverability mechanism
The central result is that sufficient aggregate capacity does not guarantee that demand can be served
during scarcity. The country-wide mechanism meets the system-wide capacity requirement, but it
leaves the location of new investment open. If too much capacity is built on the wrong side of an
important constraint, the system can be resource adequate while the network-constrained dispatch still
requires load shedding.

The split mechanism adds a spatial condition. Capacity must be procured within each zone unless a
neighboring contribution is explicitly credited. This changes where new generators can recover their
fixed costs and counteracts the concentration of investment in the lowest-cost locations. The signal
works through the local capacity obligation and the resulting capacity revenue. Redispatch compen-
sation does not provide the same incentive because generators are neutral towards cost-based redis-
patch.

This distinction is relevant for the literature. Existing studies mainly evaluate locational capacity mecha-
nisms through reductions in redispatch volumes and costs (Hladik et al., 2020; Thomassen & Fuhrmanek,
2025). The results support that direction, but they also show why redispatch alone is an incomplete
measure. Redispatch remains non-zero under several locational designs, and its ranges do not change
monotonically with the strength of the signal. The clearer result concerns whether redispatch remains
feasible at all.

Under country-wide procurement, some scarcity events cannot be resolved because controllable gen-
erators in the affected area are already fully dispatched, while remaining capacity elsewhere cannot
reach the load without violating another constraint. Strict zonal procurement greatly reduces these
cases in Case Study 1 and eliminates grid-related load shedding in all explored outcomes of Case
Study 2. The locational signal is therefore more consistent in improving deliverability than in removing
the need for redispatch.

This gives further substance to the distinction between resource adequacy and transmission adequacy
discussed in Chapter 2. A country-wide requirement asks whether sufficient capacity exists in total. The
zonal requirement adds the question whether enough of this capacity is located where it can contribute
under network constraints. Resource adequacy remains necessary, but it is not always sufficient.

The improvement is not free. Separate zonal requirements can increase total procurement when zonal
residual-demand peaks are not coincident. They can also create higher clearing prices in deficit zones.
This additional expenditure is not automatically inefficient. Part of it pays for capacity that remains
useful in a constrained network, which is a quality that the country-wide auction does not value.

The same physical correction can have a very different procurement cost depending on how much
existing capacity already sits in the constrained zone. Subsection 6.2.3 returns to this dependence on
the inherited fleet.
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A locational capacity mechanism nevertheless remains a limited instrument. It does not coordinate
hourly dispatch, and it cannot remove congestion caused by renewable output, load patterns, or the
existing fleet. This is similar to the role of locational measures described by Lété et al. (2026): they can
mitigate a problem created by the wider market design without removing its source. The mechanism
should therefore be judged by whether it improves the location and availability of controllable capacity,
not by whether redispatch disappears.

6.2.2. The trade-off introduced by cross-zonal participation
Strict zonal procurement provides the strongest local signal, but complete local self-sufficiency can
be unnecessarily expensive. Capacity in a neighboring zone may contribute during scarcity if suffi-
cient transfer capability exists. Recognizing this contribution can lower local procurement, avoid new
investment, and reduce capacity market expenditure.

At the same time, participation weakens the reason to invest in the deficit zone. Once part of the local
requirement can be covered from elsewhere, investment can return to locations that are cheaper from
the capacity market perspective but more dependent on the transmission grid. The cost saving and
the loss of the locational signal are therefore two sides of the same design choice.

The same tension appears in the wider debate on fragmented capacity mechanisms. Separate national
mechanisms protect local security of supply but tend to procure too much capacity when neighboring
resources are ignored. Integration reduces this inefficiency, although only if the foreign contribution is
reliable (Adekola et al., 2026; Höschle, Le Cadre, & Belmans, 2018). In this thesis, the same problem
occurs within one national bidding zone. Increasing participation reduces the separation between the
internal capacity market zones, but it also brings back part of the siting pattern that the split design was
introduced to correct.

The two case studies show why the effect depends on the neighboring fleet. In Case Study 1, higher
σ mainly moves investment from Zone 1 to Zone 2. Procurement expenditure falls, while the dominant
bottlenecks from the country-wide design gradually reappear. Grid-related load shedding increases as
more of the deficit zone depends on imports.

Case Study 2 behaves differently. At σ = 0.25, the mechanism can make use of existing surplus legacy
capacity outside the deficit zone. New investment and capacity market expenditure fall substantially,
while grid-related load shedding remains absent across the explored outcomes. Once participation
increases further, however, the remaining investment moves closer to the country-wide pattern and
load shedding returns. Limited participation is therefore useful in this case, but the benefit does not
extend indefinitely.

The effect of increasing σ is not fully monotonic because capacity shifts in a meshed network alter
several line flows at once. A relocation may relieve one constraint while worsening another, and nodes
within the same zone can have materially different effects on congestion. σ should therefore not be
interpreted as a parameter that produces a smooth increase in network stress at every step.

Nor is there one value that can be labeled universally optimal. In this model, σ is used to expose
the trade-off between local procurement and reliance on neighboring capacity. A practical mechanism
would instead need to determine how much foreign or neighboring capacity remains simultaneously
deliverable under the relevant scarcity conditions.

6.2.3. Dependence on the inherited generation fleet
The difference between the two case studies is mainly explained by how much capacity is still able to
respond. In Case Study 1, most controllable capacity must be newly built. The locational requirement
can therefore reshape a large part of the final fleet, and the consequences for siting, redispatch, and
grid-related load shedding are substantial.

Most capacity in Case Study 2 is already installed and fixed. The mechanism cannot relocate this fleet.
It can only influence the remaining investment requirement. The overall siting response is consequently
smaller. Still, the incremental investment matters because it is placed exactly in the zone where local
headroom is missing.

The inherited fleet also changes how cross-zonal participation reduces costs. If the exporting zone



6.3. Implications for capacity market design 72

has no surplus, taking on additional obligation may require new investment there. Participation then
mainly reallocates procurement. If surplus legacy capacity is already present, it can cover part of the
neighboring requirement without an equivalent new build. The cost saving in Case Study 2 follows from
this second mechanism.

This finding is consistent with the ENTSO-E position on locational elements in capacity mechanisms
and other support schemes. Such instruments mainly influence new assets and have little direct effect
on the location of existing capacity (ENTSO-E, 2026). Their contribution is therefore mostly long term.
A mechanism introduced into a legacy-heavy system may have only a limited immediate effect, but its
influence grows as replacement and retirement decisions arise.

A small short-term response should consequently not be interpreted as a failure of the locational signal.
It shows that implementation timing matters. The signal is strongest where major investment deci-
sions are still open and weakest once the spatial structure of the controllable fleet has already been
determined.

6.2.4. Spatial resolution and dominant constraints
The results also show that the network problem is concentrated. A limited number of lines repeatedly
appear as dominant bottlenecks, while some investment nodes create much worse outcomes than
others, even when they belong to the same capacity market zone.

This is a limitation of using broad zonal requirements. Capacity procured anywhere within the zone
counts equally, although its actual contribution to a scarcity event may depend strongly on the node.
The zonal obligation can therefore be met while some capacity remains poorly located relative to the
constraint that matters. This helps explain why strict zonal procurement in Case Study 1 improves
deliverability substantially without eliminating grid-related load shedding in every explored outcome.

One response would be to define the capacity market zones more closely around the dominant struc-
tural constraints. Another would be to keep broader zones but restrict how much capacity at particular
locations can count towards the zonal requirement. Eligibility criteria or local volume limits, which are
also discussed by ENTSO-E (2026), could provide such a distinction.

More granular intervention also creates costs. Smaller zones and node-specific restrictions reduce
competition and increase the risk of local market power. They can also make the mechanism sensitive
to changes in network conditions. Since the signal affects long-term investment, the design needs a
degree of stability. The relevant balance is therefore between enough spatial detail to capture persistent
deliverability problems and enough aggregation to preserve competition and predictability.

6.3. Implications for capacity market design
The results do not point to one capacity market design that should be applied in every system. They
instead show which physical and institutional questions need to be answered before introducing a
locational element. The first concerns the design itself: how local requirements, participation, and
spatial granularity should be combined. The second concerns whether such a mechanism can be
fitted into the current European regulatory framework.

6.3.1. Design implications
Internal deliverability should be considered where transmission constraints can prevent procured ca-
pacity from serving demand during scarcity. In such systems, a country-wide requirement maymeet the
aggregate adequacy target while leaving the TSO without sufficient local options. A zonal requirement
can address this by placing an additional condition on the capacity that counts towards adequacy.

This does not imply that every zone must be self-sufficient. Case Study 2 shows that neighboring
surplus capacity can be valuable and can reduce unnecessary investment. The important question is
how much of that capacity can be credited without removing the local headroom that is needed when
the grid becomes constrained.

Pairwise transfer limits provide only a partial answer. Several zones may rely on the same bottleneck,
and one transfer can change the feasibility of another. Cross-zonal contributions should therefore be
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assessed jointly and under the scarcity conditions for which the capacity is procured. A flow-based
representation would be better suited to this than independently scaled MEC values.

The spatial definition of the requirement is equally important. Broad zones are easier to implement
and maintain competition, but they may hide decisive internal constraints. Finer zones or targeted
qualification rules can strengthen the signal, although they also increase complexity and the possibility
of local market power. The results do not determine the correct level of granularity, but they show that
the choice cannot be separated from the lines and nodes that drive scarcity-state infeasibility.

A locational capacity mechanism should still be treated as one instrument within a wider set of mea-
sures. ENTSO-E similarly places locational elements in capacity mechanisms alongside grid devel-
opment, bidding-zone reform, connection rules, and congestion management tools (ENTSO-E, 2026).
The mechanism influences long-term capacity siting. It does not remove the network constraints or
coordinate short-term dispatch.

Assessment should therefore not rely on capacity market expenditure alone. A cheaper auction can
produce capacity that is less useful during scarcity, while a more expensive local requirement may
preserve redispatch headroom and avoid grid-related load shedding. Procurement volume, capacity
expenditure, redispatch, local headroom, and load shedding need to be considered together. Looking
at only one of these outcomes would miss the main trade-off identified in the results.

6.3.2. Institutional and regulatory implications
The current European regulatory framework creates a tension for the design studied here. As discussed
in Chapter 1, EU regulation treats capacity mechanisms as instruments for resource adequacy and
excludes congestion-management measures from their scope (European Union, n.d.). A locational
capacity mechanism could therefore not be justified only as a way to reduce routine redispatch costs.

The findings provide a different rationale. Capacity that cannot reach demand during scarcity does not
make the same contribution to security of supply as capacity located on the useful side of the constraint.
The local requirement can thus be understood as a deliverability condition within the adequacy assess-
ment. Lower redispatch costs may follow, but they are not the only or necessarily the main reason for
the intervention.

Whether this interpretation is compatible with the present legal framework cannot be answered by the
model. It would require a separate legal assessment. ENTSO-E also notes that locational elements in
capacity mechanisms may require regulatory reform and must remain consistent with state-aid and in-
ternal market principles (ENTSO-E, 2026). The thesis therefore provides an engineering and economic
argument for including deliverability, but not a complete legal basis for doing so.

Implementation would also require a clear method for defining zones, local requirements, and cross-
zonal contributions. These parameters may be technical, but they influence investment locations and
capacity payments. They would therefore require regulatory oversight and periodic review.

The same applies to σ. It is an experimental parameter in this thesis and should not be interpreted as a
policy value that can simply be selected. In practice, the contribution of neighboring capacity would have
to follow from an assessment of scarcity-state deliverability. The institutional requirement is therefore
relatively narrow but important: the mechanism needs a clear legal objective and a transparent method
for translating network constraints into local requirements and transfer credits.

6.4. Areas for further research
A first extension concerns the representation of the network inside the capacity mechanism. The pair-
wise MEC limits used here could be replaced by a flow-based formulation. Adekola et al. (2026) apply
this logic to coupled national capacity markets by embedding network constraints and scarcity scenarios
directly in the market clearing. Applying the same approach to internal capacity market zones would ac-
count for simultaneous contributions, intra-zonal bottlenecks, and loop flows. The resulting flow-based
outcome would provide a network-feasible benchmark for the degree and direction of cross-zonal par-
ticipation, rather than relying on one common value of σ.

The definition of the capacity market zones also deserves further attention. The results show that a
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small number of lines and investment nodes can dominate deliverability, while the current requirements
do not distinguish between nodes within one zone. Alternative boundaries could therefore be tested
against the dominant structural constraints. A less granular option would be to retain the broader zones
but limit how much capacity at particular locations can count towards the requirement. This would show
whether most of the deliverability benefit can be retained without creating a highly fragmented capacity
market.

A second extension is a dynamic and technology-neutral investment model. Storage, demand re-
sponse, interconnectors, and other flexible resources may provide local capacity and redispatch ca-
pability differently from CCGT. Multiple investment years and endogenous retirement would also allow
the gradual interaction between the locational signal and the inherited fleet to be studied. The com-
parison between the two case studies suggests that this transition over time is central to the practical
relevance of the mechanism.

The timing of procurement could be varied as well. Resource adequacy may be secured several years
ahead, while the local deliverability assessment is updated closer to delivery. Flexible technologies
could be particularly relevant in such a layered design because they can respond more quickly than
large conventional units (Gill et al., 2025).

A third extension concerns the temporal and computational representation. Full-year chronology, ad-
ditional weather years, or targeted extreme-event sampling would provide a stronger test of scarcity
and deliverability. The equilibrium exploration could be extended through additional or adaptive search
directions, while tighter formulations could reduce the remaining solution gaps. This would help estab-
lish whether the observed ranges already cover the main relevant siting patterns or whether materially
different outcomes remain unexplored.

Finally, the legal and institutional design requires separate research. This should examine whether
internal deliverability can be included in the European resource-adequacy framework, how the technical
methodology should be governed, and how the resulting costs should be allocated. Without this step,
the mechanism remains a technically motivated design rather than an implementable policy proposal.



7
Conclusion

As the last chapter of this thesis, the conclusion wraps up the study by providing the answers to the
sub- and research questions. This is followed by a personal reflection on the academic work conducted
in this study. At last, the thesis and its results are connected to their societal relevance, as well as its
connection to the CoSEM program.

7.1. Answering the research questions
SQ1: Which actors, decisions, and interactions must be represented in a zonal energy market
with cost-based redispatch and a capacity mechanism?
The system consists of generators, two demand agents, and a market operator. The generators are
divided into renewable, legacy controllable, and investable controllable generators. Renewable gen-
erators offer their available output at zero marginal cost and do not participate in the capacity market.
Legacy controllable generators participate in both the energy and capacity markets, but their installed
capacity and location are fixed. Investable controllable generators make the same operational deci-
sions, while also deciding how much new capacity to build. They are therefore the only actors that can
change the spatial distribution of controllable capacity in response to the locational signal.

The demand side is represented by separate energy and capacity demand agents. The energy demand
agent serves demand up to the value of lost load, which also acts as the energy market price cap. The
capacity demand agent procures sufficient capacity to meet the system-wide and zonal requirements
and determines the cross-zonal allocation of capacity obligations within the defined transfer limits. The
market operator acts after both markets have cleared. It takes the market dispatch as given and min-
imizes the cost of restoring network feasibility through upward redispatch, downward redispatch, and,
where necessary, grid-related load shedding.

The energy and capacity markets are interdependent rather than strictly sequential. The expected rev-
enues from both markets influence the investment decision, while installed capacity limits how much
a generator can offer in the energy and capacity markets. Redispatch is the only genuinely sequen-
tial stage. Since it is cost-based and not anticipated by generators, it does not provide an additional
investment incentive. The main channel through which the capacity market design influences conges-
tion is therefore the siting of new controllable capacity. This siting determines the market dispatch, the
available local redispatch headroom, and ultimately whether the network can remain feasible during
scarcity.

SQ2: Which forms of locational signals exist in capacity mechanisms, and how do they function?
Locational signals in capacity mechanisms are mainly introduced to ensure that procured capacity
is deliverable during scarcity. Aggregate resource adequacy only establishes that sufficient capacity
exists in total. It does not establish that this capacity can reach load when transmission constraints
become binding. Reducing congestion-management needs and supporting the co-development of
generation and transmission are additional rationales. In this thesis, the locational signal is primarily
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interpreted as a way to improve the deliverability of procured capacity. Lower redispatch volumes and
costs may follow from better capacity siting, but they are treated as resulting benefits rather than the
defining purpose of the mechanism.

The form of the signal depends on its spatial relationship with the energy market. The review distin-
guishes three archetypes. Archetype A uses the same spatial resolution for the energy and capacity
markets, as in Chile and Italy. Archetype B aggregates the nodes of a nodal energy market into larger
capacity market zones, as found in several US markets. Archetype C makes the capacity mechanism
more spatially granular than the underlying energy market, as seen in targeted European mechanisms.

The key difference is that US capacity mechanisms operate on top of nodal energy markets, where
the short-term value of location is already reflected in energy prices. Their capacity market zones
add a coarser deliverability test to the system-wide resource-adequacy requirement. European zonal
energy markets do not reflect internal transmission constraints in the market price. A locational capacity
mechanism must therefore be more granular than the energy market if it is to influence internal siting.

Based on this, the design studied in this thesis adapts the nested US structure to a European zonal
energy market. A system-wide capacity requirement provides resource adequacy, while three zonal
requirements add a spatial condition for deliverability. Cross-zonal participation then relaxes this local
condition. Capacity obligations can be shifted between connected zones up to the maximum entry
capacity multiplied by σ. The transfer is zero-sum: a reduction in the obligation of one zone is matched
by an increase elsewhere. At σ = 0, every zone remains responsible for its full local requirement. At
σ = 1, obligations can be shifted up to the full pairwise transfer bound.

SQ3: How do locational signals affect capacity procurement, capacity siting, and congestion
outcomes across the investigated scenarios?
The results show that the main effect of the locational signal is not a large change in aggregate capacity
procurement. It is a change in where new controllable capacity is built and, consequently, how useful
that capacity is once the network becomes constrained.

This effect is strongest in Case Study 1, where 87.5% of the system-wide requirement has to be sup-
plied by new capacity. The country-wide mechanism procures 16,722.7 MW, while the split mechanism
procures 16,789.2 MW. The difference of 66.5 MW, or 0.4%, results from the zonal residual-demand
peaks not occurring at the same time. Capacity market expenditure increases from e901.9 million to
e930.7 million. Most of this increase is caused by the different zonal prices rather than the additional
procurement volume.

The change in siting is much larger. Under country-wide procurement, no new capacity is built in Zone
1, while 10.0 GW is built in Zone 2. Strict zonal procurement instead directs 6.60 GW towards Zone
1 and reduces investment in Zone 2 to 2.42 GW. This relocation substantially changes the congestion
outcomes. The observed redispatch range falls from 14.13–30.63 TWh under country-wide procurement
to zero–2.37 TWh under the split design. Grid-related load shedding falls from 2.30–5.86 TWh to zero–
0.091 TWh. Of the 80 explored strict-zonal outcomes, 50 require no grid-related load shedding at all.

Case Study 2 shows the samemechanism under a more constrained starting position. Legacy capacity
already covers 97.4% of the system-wide requirement, leaving only 436.0MW of new investment under
country-wide procurement. This investment is built in Zone 2, even though the remaining local capacity
deficit is located in Zone 3. Strict zonal procurement instead requires 2,400.1 MW of new capacity in
Zone 3. Capacity market expenditure consequently increases from e76.2–91.5million to e238.6million,
partly because the positive zonal price is also paid to existing capacity in Zone 3.

Despite the higher expenditure, the spatial correction improves the network outcome. The observed
redispatch range falls from 0.072–0.373 TWh to 0.045–0.205 TWh. More importantly, grid-related load
shedding falls from 0.034–0.112 TWh to zero in all 80 explored outcomes. Even when only the incre-
mental investment can respond, placing it in the deficient zone is therefore sufficient to restore network
feasibility throughout the explored set.

Cross-zonal participation weakens these effects. In Case Study 1, the total capacity requirement and
total new investment remain unchanged, but obligations and investment progressively move from the
more expensive Zone 1 towards Zone 2. Capacity market expenditure falls from e930.7 million at
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σ = 0 to e879.4 million at σ = 1. At the same time, the redispatch range rises to 5.21–22.41 TWh and
grid-related load shedding to 0.453–2.204 TWh. The outcome moves towards the country-wide design,
although the locational signal is not fully removed.

In Case Study 2, cross-zonal participation can make use of existing legacy surpluses in Zones 1 and 2.
It therefore reduces the need for new investment rather than only moving it between zones. At σ = 0.25,
capacity market expenditure falls to e109.5 million while grid-related load shedding remains at zero.
From σ = 0.5 onward, however, load shedding reappears as the remaining investment increasingly
returns towards the country-wide siting pattern. The effect of participation is therefore not simply lower
procurement cost. It depends on whether another zone already contains surplus capacity and on how
far the local investment signal is relaxed.

Across the investigated scenarios, the locational signal consistently changes capacity siting and im-
proves deliverability. Its effect on capacity market expenditure is less uniform and depends strongly on
the inherited generation fleet. The physical results are therefore clearer than a comparison based only
on capacity market or redispatch costs.

SQ4: What trade-offs and design implications for locational signaling in capacity markets follow
from the model results?
The central trade-off is between lower and more flexible capacity procurement on one side, and pro-
tection against adverse capacity siting on the other. A strict zonal requirement can increase capacity
market expenditure because capacity has to be procured in more expensive or locally deficient zones.
However, it also ensures that controllable capacity is available on the useful side of important trans-
mission constraints. The resulting benefit is not limited to lower redispatch volume. More importantly,
the system retains local upward redispatch headroom and is less likely to require grid-related load
shedding.

Cross-zonal participation can reduce the additional cost of the locational design. In Case Study 1, it
shifts procurement towards a cheaper zone. In Case Study 2, limited participation allows existing sur-
plus capacity to contribute to a neighboring deficit and reduces the need for new investment. However,
the same relaxation weakens the locational investment signal and increases reliance on the transmis-
sion grid. Once participation becomes sufficiently large, the dominant bottlenecks and grid-related load
shedding return.

There is therefore no value of σ that is generally preferable. In Case Study 2, σ = 0.25 preserves the
full observed deliverability benefit while substantially reducing capacity market expenditure. The same
balance does not automatically apply to Case Study 1 or to another network. The suitable level of
participation depends on the available transfer capability, the location of existing capacity, and whether
the credited contribution remains simultaneously deliverable during scarcity.

The monetary comparison also depends on the value assigned to grid-related load shedding. In Case
Study 1, the break-even values remain below e61/MWh, meaning that the reduction in load shedding
compensates for the additional procurement cost even at a low valuation. In Case Study 2, strict zonal
procurement requires a higher valuation of approximately e1,357–4,784/MWh. Limited participation
lowers this range, while higher participation produces no uniform cost advantage across the explored
outcomes. The exact total-cost ranking is therefore conditional on the assumed value of lost load. The
physical finding that locational procurement improves deliverability is more robust.

Several design implications follow. First, internal deliverability should be considered where transmis-
sion constraints can prevent aggregate capacity from serving load during scarcity. Second, cross-
zonal contributions should be based on simultaneous physical deliverability rather than nominal pair-
wise transfer capability alone. Third, the timing of implementation matters. A locational signal has the
largest effect while substantial investment and replacement decisions are still open. Once most of the
generation fleet is fixed, it can only correct the remaining shortages at the margin.

Lastly, a locational capacity mechanism should not be treated as a replacement for grid expansion,
bidding-zone reform, nodal pricing, or operational congestion management. It does not remove trans-
mission constraints or coordinate hourly dispatch. Its role is more limited but still relevant: it influences
the long-term spatial availability of controllable capacity and reduces the risk that resource adequacy
cannot be translated into feasible supply during scarcity.
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To what extent do locational signals in capacity markets shape the trade-off between capacity
procurement costs and congestion outcomes in a zonal energy market?

Within the investigated Dutch case studies, locational signals materially shape this trade-off. The trade-
off is asymmetric. The signal reshapes where capacity sits, and therefore its deliverability, far more
than it changes total procurement cost. The cost arm moves only a few percent in Case Study 1,
while feasibility changes substantially. Separate zonal requirements increase or reallocate capacity
market expenditure, but they also redirect new controllable capacity towards locally deficient parts of
the system. This reduces redispatch exposure and, more importantly, improves the ability of the system
to restore network feasibility during scarcity.

The strength of the result is conditional. Cross-zonal participation determines how much of the local
signal is retained, while the inherited generation fleet determines how much capacity can still respond.
Where most controllable capacity has to be built, the mechanism can substantially reshape the system.
Where most capacity already exists, its influence is smaller but can still be decisive for the remaining
local deficit.

The locational signal therefore does not provide one universally optimal capacity market design. It
shifts part of the cost from ex-post congestion management towards ex-ante procurement of more
deliverable capacity. Limited cross-zonal participation can reduce this additional cost without removing
the benefit, particularly where surplus legacy capacity is available. Too much participation, however,
can undermine the deliverability condition and move the result back towards country-wide procurement.
The relevant policy question is consequently more than howmuch capacity should be procured, but how
much local capacity is needed to ensure that the procured capacity remains useful when the network
is constrained.

7.2. Contribution and academic reflection
This thesis contributes a model that separates the capacity market cost of a locational signal from
its congestion outcomes. Existing studies generally evaluate locational capacity mechanisms as part
of a combined system-cost assessment or focus mainly on redispatch volumes (Hladik et al., 2020;
Thomassen & Fuhrmanek, 2025). That framing makes it difficult to observe the precise capacity market
costs and, more importantly, how deliverability is affected. Separating these outcomes, and reporting
grid-related load shedding as its own outcome, is the central conceptual step of this work.

The second contribution is methodological. The results are treated as a space rather than a point:
sweeping PTDF-based exploration weights shows that several siting patterns can clear the same mar-
ket at identical cost, each with different redispatch consequences. This makes it possible to identify
deliverability, rather than capacity market or redispatch costs, as the outcome that responds most con-
sistently to a locational signal.

Keeping this model solvable was itself an exercise in the complexity management that motivated the
research approach in Section 1.3. The measures taken map onto the categories reviewed by Kotzur
et al. (2021). Scope reduction avoids complexity: storage, demand response, and risk aversion are
excluded because they are not central to isolating the investigated mechanism. Temporal aggregation
reduces the year to eight representative days. However, due to the nature of the study, both tempo-
ral and spatial aggregation were limited. Missing extreme conditions through temporal aggregation
or hiding internal congestion through spatial aggregation would weaken the analysis. The main com-
putational choice was therefore the solution method. Reformulating the complementarity conditions
through disjunctive constraints makes the first stage solvable as a MILP. The sequential structure then
separates the market-equilibrium stage from redispatch, while a warm start helps provide a feasible
incumbent for the more difficult Case Study 2 runs. The model therefore remained solvable through
deliberate choices along every complexity dimension, while aiming to affect the resulting solutions as
little as possible.

The main result should therefore not be read as an estimate of the optimal capacity market design
for the Netherlands. What the model shows is that locational procurement can improve deliverability
even when its effect on redispatch costs is unclear, and that this benefit weakens as more cross-zonal
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participation is allowed. The exact magnitudes depend on the modeled network, generation fleet, and
explored equilibria. A direct next step is therefore to replace the current MEC-based representation
of cross-zonal participation with a flow-based one. This would show whether the deliverability benefit
remains when simultaneous contributions between zones are limited by the same network constraints
that later determine redispatch.

7.3. Personal reflection
The first challenge I encountered was learning a new programming language in Julia. The first weeks
were slow. Getting used to it took time. But after a few weeks it started to become easier, especially
with the support of AI. I think that is also a good learning for myself in terms of AI use: learning a
new programming language can be much easier with it. While this is less so in writing code, where
it can also help accelerate the learning curve, it was especially helpful in diagnosing errors. With a
new programming language, errors are frequent in the beginning, and AI proved helpful in identifying
them and explaining what exactly the issue was, helping to prevent similar issues in the future (see
Appendix E for details on AI use).

For the modeling, I knew going in that high spatial resolution comes with longer computing times, but I
did not expect it to the extent I encountered, and because of this I underestimated how long the model
development would take. On top of that, I didn’t really have a blueprint for how to model my problem.
The main challenge here was the exploration of the solution space, and many of these decisions didn’t
have one right answer. It was less about finding the correct solution and more about choosing an
approach and being able to justify it, weighing things like tractability and what the model actually needed
to capture. It was also the amount of small decisions at every step that I underestimated. While they
are small in isolation, they added up quickly, especially when considered in the context of how they
influence and are influenced by other decisions. Overall, CoSEM provided me with the foundational
skills for building this model, but what I had to learn in the end clearly exceeded that.

The literature was a challenge in a different way. European perspectives on my specific topic were rare,
andmuch of the relevant USmaterial came from technical reports rather than academic papers. Finding
a structure for the literature review was therefore difficult. There was no obvious way to organize it, and
it took several attempts before it worked.

If I were to do one thing differently, I would keep the precise research goal in mind more often. Some
things, like the model formulation, I simply had to learn first, and I can’t really fault myself for that. But
I sometimes lost myself in details and small decisions that had to be made, yet honestly had very little
impact on my actual research question. Keeping the bigger picture in mind, especially in the middle
part of my thesis, would have helped.
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A
Design options for locational signals

in capacity mechanisms

Table A.1 synthesises the design options across all markets discussed in Section 2.2. The terms it uses
to classify them (local requirements, constraint tests, and feasibility checks) are defined and illustrated
per market in the notes that follow the table.

Table A.1: Synthesis of locational signal design options in capacity mechanisms.

Category Design option Markets

Zone definition

Nodal (matching energy market) Chile
Energy market bidding zones Italy
Transmission-test-based PJM, ISO-NE, NYISO, MISO,

CAISO
Targeted (single location tender) France, Germany
Not applicable (no zonal representation
in auction)

Ireland

Zone structure

Nested (zones within zones) PJM
Flat (constrained zones vs.
rest-of-system)

ISO-NE, CAISO

Hybrid (mostly flat with nested or
sub-regional element)

NYISO, MISO

Not applicable (nodal, single zone, or
no zonal representation)

Chile, Italy, France, Germany,
Ireland

Zone stability

Dynamic (re-evaluated per auction) PJM, ISO-NE
Fixed (multi-year or permanent) NYISO, MISO, CAISO, Italy
One-off intervention France, Germany
Not applicable (nodal or no zonal
representation)

Chile, Ireland

Constraint direction
Import only PJM, NYISO, CAISO
Import and export ISO-NE, MISO
Not applicable (nodal, single zone, or
targeted tender)

Chile, Italy, France, Germany,
Ireland

continued on next page
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Table A.1 – continued from previous page

Category Design option Markets

Local requirement
expression

MW volume PJM, ISO-NE, MISO, CAISO
Percentage of total obligation NYISO
Not applicable (nodal administrative
pricing)

Chile

Not applicable (capacity-market zones
follow energy-market zones)

Italy

Selective acceptance of additional
capacity

Ireland

Tender volume for a targeted area France, Germany

Procurement
mechanism

Centralised forward auction PJM, ISO-NE, Italy
Residual auction (mostly bilateral) NYISO, MISO
Purely bilateral CAISO
Administrative price-based payment Chile
Targeted tender France, Germany
Centralised auction (selective
acceptance)

Ireland

Locational price
signal

Zonal clearing price differentiation PJM, ISO-NE, Italy
Local procurement obligation (quantity
signal)

NYISO, MISO, CAISO

Nodal administrative price Chile
Tender price (targeted location) France, Germany
Selective TSO acceptance at the bid
price

Ireland

Granularity vs.
energy market

Equal (CM = energy market) Chile, Italy
Coarser (CM aggregates energy
nodes)

PJM, ISO-NE, NYISO, MISO,
CAISO

More local (targeted procurement
beneath an aggregate market)

France, Germany, Ireland

Per market mechanics in the US
PJM. An LDA is only modeled separately, with its own reliability requirement, once it is identified as
constrained: if PJM identifies a reliability concern in the area, if it carried a locational price adder in one
of the three preceding rounds, or through the Load Deliverability Analysis (PJM, 2025). Beyond the
main forward auction, which clears three to four years ahead of an annual delivery period (Spees et al.,
2013), PJM runs a Conditional Incremental Auction to procure additional capacity in an LDA when a
backbone transmission line is delayed (Benedettini, 2013; PJM, 2025), giving the locational element a
faster reaction path when transmission assumptions move.

ISO-NE. Constrained zones are determined dynamically for each auction: the most recent trans-
mission transfer capability assessment identifies potentially constrained zones, which are then tested
to confirm they are actually constrained (ISO New England, 2026). An import-constrained zone re-
ceives a Local Sourcing Requirement (LSR), the minimum capacity that must clear inside it. An export-
constrained zone receives a Maximum Capacity Limit (MCL), which caps how much capacity may clear
in it (ISO New England, 2026). The auction is a descending clock auction run simultaneously for the
main and constrained zones, stopping when bid volume meets the requirement. Like PJM it clears
three to four years ahead (Spees et al., 2013).1

1ISO-NE’s final Forward Capacity Auction was held in February 2024 for the 2027–2028 Capacity Commitment Period; no
further FCAs will be held (ISO New England, 2026).
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CAISO. CAISO identifies import-constrained areas through an annual Local Capacity Technical Anal-
ysis based on reliability standards (Draghi et al., 2025; Spees et al., 2013). Ten such areas currently
exist. Each load serving entity must cover 115% of its historic peak load (ECCO International, 2024).
For the constrained areas, the local requirement is set by CAISO’s annual Local Capacity Technical
Study (CAISO, 2026), which determines how much local generation is needed to return the system
to a safe operating state within 30 minutes of a contingency without firm load shedding. The result-
ing MW requirement per area is allocated to each load serving entity by its load ratio in the relevant
Transmission Access Charge area during the month of highest forecast peak load (Draghi et al., 2025).

NYISO. Zones are mostly flat, the exception being Zone J (New York City), which is embedded in
the larger G-J Locality (NYISO, 2023). A load serving entity in one of the three import-constrained
zones receives a Locational Capacity Requirement (LCR) based on the import capability of that zone,
a percentage of its obligation that must be procured locally (NYISO, 2023, 2026). Auctions are planned
and regular, run closer to delivery, and price only the volume not already procured bilaterally (NYISO,
2026).

MISO. MISO uses ten Local Resource Zones (LRZs), defined by six criteria including electrical and
state boundaries, transmission interconnection strength, and previous LOLE-study results (MISO, 2026).
Above the LRZs sit two Sub-Regional Resource Zones, MISO Midwest (LRZs 1–7) and MISO South
(LRZs 8–10), whose mutual transfers are capped at a fixed Regional Directional Transfer Limit (MISO,
2026). Each LRZ has a Local Reliability Requirement (LRR) based on its coincident peak demand.
The Local Clearing Requirement, the volume that must be met by sources inside the zone, is the LRR
minus the zone’s import ability. After procurement, a Simultaneous Feasibility Test checks that the
result is physically deliverable, and if it is not, the import and export limits are adjusted and the auction
re-cleared (MISO, 2026).



B
PTDF matrix construction

In meshed AC grids, nodal injections and withdrawals affect the whole network on multiple lines, as
flows cannot be directed through specific lines. Hence, network-wide flow effects are needed instead
of simple path assumptions (Kunz & Zerrahn, 2015). Because AC load flows are complex to model, DC
load flow can be used to linearize AC power flows for electricity network models, reducing complexity
while achieving acceptable accuracy (Van den Bergh et al., 2014). Especially for questions on market
design, congestion management, and investment decisions, DC load flow is a useful approximation for
including transmission network constraints (Leuthold et al., 2012). DC load flow makes use of three
assumptions according to (Purchala et al., 2005):

1. Small voltage angle difference
2. Line resistance is negligible and lines therefore lossless
3. Flat voltage profile

Those assumptions usually result in minor average error margins (< 5%), even though error margins
for individual lines can be significantly higher (Purchala et al., 2005).

To model the DC power flow for this model, a power transfer distribution factor (PTDF) matrix is con-
structed. Through a PTDF, voltage angles can be left out from the optimization problem, further reduc-
ing complexity (Leuthold et al., 2012). The following construction of the PTDF matrix follows the steps
laid out in Van den Bergh et al., 2014: First, the network topology is represented by the incidence matrix
IM . iml,n = 1 if line l starts at node n, iml,n = −1 if line l ends at node n, and iml,n = 0 if line l is not
connected to node n. The line orientation is arbitrary, but the sign convention must be consistent. Then,
the result of the DC approximation given negligible resistance is calculated: The line susceptance Bl,
and the diagonal matrix thereof Bd, is obtained by taking the reciprocal of line reactance Xl:

Bl =
1

Xl

The DC power flow equation at time t is represented by multiplying nodal injection pinjn,t with the PTDF
matrix:

pflowl,t =
∑
n

PTDFl,n p
inj
n,t

With
PTDF = (Bd IM) (IMT Bd IM)−1

pinjn,t =
∑
g∈Gn

(
qt,g + r+t,g − r−t,g

)
− dservedn,t + lsgridn,t .

Finally, a reference node has to be defined. As he DC nodal-balance equations are linearly dependent,
IMT Bd IM is singular and at least one node has to be designated as a reference node and removed
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from the equations: For Bd IM the column of the corresponding node is removed, and for IMT Bd IM
the row and column for the corresponding node. In pure AC grids, one reference node is enough, while
additional reference nodes are only needed in certain special cases.
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Figure B.1: PTDF matrix for the 34-node reduced Dutch network. Color encodes each line’s sensitivity to injection at each
node; red positive, blue negative, white near zero. Node 0 is the slack bus, so its column is zero by construction. Full numerical

values are available in the project repository.



C
Methodology appendix

This appendix contains the mathematical derivations referenced in Chapter 3. It first states the general
construction of a Mixed Complementarity Problem, then gives the actor-specific optimality and primal-
dual equations, and finally documents the bounds used in the sequential MILP.

C.1. General construction of a Mixed Complementarity Problem
For a convex optimization problem of the form

min
x

f(x) (C.1a)

s.t. h(x) = 0 (C.1b)
g(x) ≥ 0. (C.1c)

the Lagrangian is

L(x, λ, µ) = f(x) + λTh(x)− µT g(x), µ ≥ 0. (C.2)

The KKT conditions are

∇xL(x, λ, µ) = 0, (C.3a)
h(x) = 0, (C.3b)
g(x) ≥ 0, (C.3c)

µ ≥ 0, (C.3d)
µT g(x) = 0. (C.3e)

For a non-negative scalar component u of x„ stationarity and complementary slackness can be written
compactly as

0 ≤ u ⊥ ∂L
∂u

≥ 0 (C.4)

For a free variable, the corresponding stationarity condition remains an equality. Combining the KKT
systems of all actors with the market-clearing conditions gives the MCP used in this study.
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C.2. Strong duality and primal-dual reformulation
For each linear actor problem, the complementarity conditions can equivalently be replaced by primal
feasibility, dual feasibility, and equality of the primal and dual objective values:

Pω(xω) = Dω(µω) ∀ω ∈ A. (C.5)

The actor-specific strong-duality equations are stated together with the corresponding KKT conditions
in the next section.

C.3. Actor optimality conditions and primal-dual equations
C.3.1. Investable generator
Primal feasibility is given by Equations (3.1b)–(3.1d). Writing the maximizatio problem as the minimiza-
tion of negative profit gives

Li = −
∑
t∈T

Wt(λ
e
t − vci)qt,i + fcici − λc

z(i)c
cm
i

−
∑
t∈T

µq
t,i(ci − qt,i)− µcap

i (capi − ci)− µcm
i (αici − ccmi ) (C.6)

The KKT conditions are

0 ≤ qt,i ⊥ −Wt(λ
e
t − vci) + µq

t,i ≥ 0 ∀t, i, (C.7a)

0 ≤ ci ⊥ fci −
∑
t∈T

µq
t,i + µcap

i − αiµ
cm
i ≥ 0 ∀i (C.7b)

0 ≤ ccmi ⊥ −λc
z(i) + µcm

i ≥ 0 ∀i (C.7c)
0 ≤ µq

t,i ⊥ ci − qt,i ≥ 0 ∀t, i (C.7d)
0 ≤ µcap

i ⊥ capi − ci ≥ 0 ∀i (C.7e)
0 ≤ µcm

i ⊥ αici − ccmi ≥ 0 ∀i (C.7f)

Strong duality requires

∑
t∈T

Wt(λ
e
t − vci)qt,i − fcici + λc

z(i)c
cm
i

= capiµ
cap
i ∀i (C.8)

C.3.2. Legacy generator
Primal feasibility is given by Equations (3.2b) and (3.2c). The Lagrangian is

Lj = −
∑
t∈T

Wt(λ
e
t − vcj)qt,j − λc

z(j)c
cm
j

−
∑
t∈T

µq
t,j(at,jcapj − qt,j)− µcm

j (αjcapj − ccmj ) (C.9)

The KKT conditions are
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0 ≤ qt,j ⊥ −Wt(λ
e
t − vcj) + µq

t,j ≥ 0 ∀t, j (C.10a)
0 ≤ ccmj ⊥ −λc

z(j) + µcm
j ≥ 0 ∀j (C.10b)

0 ≤ µq
t,j ⊥ at,jcapj − qt,j ≥ 0 ∀t, j (C.10c)

0 ≤ µcm
j ⊥ αjcapj − ccmj ≥ 0 ∀j (C.10d)

Strong duality requires

∑
t∈T

Wt(λ
e
t − vcj)qt,j + λc

z(j)c
cm
j

=
∑
t∈T

at,jcapjµ
q
t,j + αjcapjµ

cm
j ∀j (C.11)

C.3.3. Energy-demand agent
Using Equation (3.4b) to substitute Dt = Dmax

t − lsemt , the remaining optimality condition is

0 ≤ lsemt ⊥ Wt(V OLLem − λe
t ) ≥ 0 ∀t (C.12)

Together with market clearing, the corresponding folded balance is

∑
g∈G

qt,g + lsemt = Dmax
t ∀t (C.13)

C.3.4. Capacity-demand agent
Primal feasibility is given by Equations (3.6b)–(3.6e). Let fab = σMECab. The Lagrangian is

LCD =
∑
z∈Z

λc
zc

dem
z −

∑
z∈Z

νz(c
dem
z − dcz + ηz)

− λc,sys

(∑
z∈Z

cdemz − dc

)
−
∑
z∈Z

ρz(d
c
z − ηz)

−
∑

(a,b)∈P

ϕlo
ab(fab + fab)−

∑
(a,b)∈P

ϕhi
ab(fab − fab) (C.14)

The KKT conditions are

0 ≤ cdemz ⊥ λc
z − νz − λc,sys ≥ 0 ∀z (C.15a)

− (νa − ρa) + (νb − ρb) + ϕhi
ab − ϕlo

ab = 0 ∀(a, b) ∈ P (C.15b)
0 ≤ νz ⊥ cdemz − dcz + ηz ≥ 0 ∀z (C.15c)

0 ≤ λc,sys ⊥
∑
z∈Z

cdemz − dc ≥ 0 (C.15d)

0 ≤ ρz ⊥ dcz − ηz ≥ 0 ∀z (C.15e)
0 ≤ ϕlo

ab ⊥ fab + fab ≥ 0 ∀(a, b) ∈ P (C.15f)
0 ≤ ϕhi

ab ⊥ fab − fab ≥ 0 ∀(a, b) ∈ P (C.15g)

Strong duality requires
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∑
z∈Z

λc
zc

dem
z =

∑
z∈Z

dczνz −
∑
z∈Z

dczρz + dcλc,sys

−
∑

(a,b)∈P

fab

(
ϕlo
ab + ϕhi

ab

)
(C.16)

C.3.5. Redispatch operator
Primal feasibility is given by Equations (3.8b)–(3.8h). The Lagrangian is

LRD =
∑
t∈T

Wt

∑
g∈G

(
(vcg + x)r+t,g + (−vcg + x)r−t,g

)
+ V OLLgrid

∑
n∈N

lsgridn,t


−
∑
t∈T

∑
g∈G

β
q

t,g(qt,g − qt,g − r+t,g)

−
∑
t∈T

∑
g∈G

β
−
t,g(qt,g − r−t,g)

−
∑
t∈T

∑
n∈N

γn,t(d
served
n,t − lsgridn,t )

+
∑
t∈T

λRD
t

∑
g∈G

r+t,g −
∑
g∈G

r−t,g +
∑
n∈N

lsgridn,t


−
∑
t∈T

∑
l∈L

ρ
l,t
(Fl + pflowl,t )−

∑
t∈T

∑
l∈L

ρl,t(Fl − pflowl,t )

+
∑
t∈T

∑
l∈L

ϕl,t

[
pflowl,t −

∑
n∈N

PTDFl,np
inj
n,t

]
. (C.17)

The KKT conditions are

0 ≤ r+t,g ⊥ Wt(vcg + x) + β
q

t,g + λRD
t −

∑
l∈L

PTDFl,n(g)ϕl,t ≥ 0 ∀t, g (C.18a)

0 ≤ r−t,g ⊥ Wt(−vcg + x) + β
−
t,g − λRD

t +
∑
l∈L

PTDFl,n(g)ϕl,t ≥ 0 ∀t, g (C.18b)

0 ≤ lsgridn,t ⊥ WtV OLLgrid + γn,t + λRD
t −

∑
l∈L

PTDFl,nϕl,t ≥ 0 ∀t, n (C.18c)

ϕl,t + ρl,t − ρ
l,t

= 0 ∀t, l (C.18d)

0 ≤ β
q

t,g ⊥ qt,g − qt,g − r+t,g ≥ 0 ∀t, g (C.18e)

0 ≤ β
−
t,g ⊥ qt,g − r−t,g ≥ 0 ∀t, g (C.18f)

0 ≤ γn,t ⊥ dservedn,t − lsgridn,t ≥ 0 ∀t, n (C.18g)

0 ≤ ρ
l,t

⊥ Fl + pflowl,t ≥ 0 ∀t, l (C.18h)

0 ≤ ρl,t ⊥ Fl − pflowl,t ≥ 0 ∀t, l (C.18i)

Strong duality requires
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∑
t∈T

Wt

∑
g∈G

(
(vcg + x)r+t,g + (−vcg + x)r−t,g

)
+ V OLLgrid

∑
n∈N

lsgridn,t


= −

∑
t∈T

[∑
g∈G

(qt,g − qt,g)β
q

t,g +
∑
g∈G

qt,gβ
−
t,g

+
∑
n∈N

dservedn,t γn,t +
∑
l∈L

Fl

(
ρ
l,t

+ ρl,t

)
+
∑
l∈L

fmkt
l,t ϕl,t

]
(C.19)

where fmkt
l,t is defined in Equation (3.12).

C.4. Bounds used in the sequential MILP
The disjunctive reformulation in subsection 3.4.3 uses the following definitions:

fab = σMECab (C.20)

Wmax = max
t∈T

Wt, W tot =
∑
t∈T

Wt, λc = max
i∈I

fci (C.21)

Table C.1: Bounds on primal variables and constraint slacks used in the disjunctive reformulation.

Constant Value Reasoning

Kq max
g∈G

capg Dispatch cannot exceed the installed or installable capacity of the
largest generator.

Kls max
t∈T

Dmax
t Energy market load shedding cannot exceed total demand in the

respective timestep.
Kc max

i∈I
capi Investment at one candidate location cannot exceed its maximum

installable capacity.
Kcm max

g∈G
capg A capacity market offer cannot exceed the generator’s de-rated ca-

pacity. Since αg ≤ 1, the largest generator capacity is a valid com-
mon bound.

Kdem max
z∈Z

dcz +
∑

(a,b)∈P:z∈{a,b}

fab

 The largest zonal procurement occurs where a zone covers its own
requirement and takes on the maximum permitted obligation from
all connected zones.

Ksys
∑
z∈Z

dcz +
∑

(a,b)∈P:z∈{a,b}

fab

 This gives a conservative bound on the slack of the system-wide
capacity floor.

K̃q,I max
i∈I

capi The unused output capability ci − qt,i cannot exceed maximum in-
stallable capacity.

K̃q,J max
t∈T , j∈J

at,jcapj The unused output capability of a legacy generator cannot exceed
its maximum available output.

K̃cap max
i∈I

capi The investment slack capi−ci cannot exceed maximum installable
capacity.

K̃cm,I max
i∈I

capi Investable generators have αi = 1, so the unused capacity market
capability cannot exceed maximum installable capacity.

K̃cm,J max
j∈J

αjcapj The unused capacity market capability of a legacy generator cannot
exceed its de-rated installed capacity.

K̃f
ab 2fab The transfer lies between −fab and fab. Its maximum distance

from either bound is the full interval width.
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Table C.2: Bounds on prices, dual variables, and stationarity expressions used in the disjunctive reformulation.

Constant Value Reasoning

K̂λe

V OLLem The energy price cannot exceed the willingness to pay repre-
sented by energy market load shedding.

K̂λc

λc A capacity price above the highest investable-generator fixed
cost is not required to support investment. Energy market rents
can only lower the required capacity payment.

K̂µq

WmaxV OLLem Dispatch stationarity links the capacity shadow price to the
weighted energy market margin. The largest possible margin is
bounded by V OLLem.

K̂µcm

λc Capacity-offer stationarity links the offer-bound dual to the zonal
capacity price.

K̂µcap

W totV OLLem + λc The upper investment-capacity dual can include scarcity rents
accumulated over all represented hours and the capacity market
contribution.

K̂ν , K̂ρ, K̂ϕ λc The capacity-demand and transfer duals represent changes in
procurement expenditure and remain on the capacity-price scale.

K̂λc,sys

λc The value of tightening the system-wide requirement cannot ex-
ceed the maximum capacity price used in the model.

K
q,I

Wmax

(
V OLLem +max

i∈I
vci

)
This covers the largest value of the investable-generator dispatch
stationarity expression.

K
q,J

Wmax

(
V OLLem +max

j∈J
vcj

)
The same reasoning applies to legacy-generator dispatch station-
arity.

K
c

max
i∈I

fci + K̂µcap

+ λc The investment stationarity expression combines fixed cost,
the upper-capacity dual, accumulated dispatch duals, and the
capacity-offer dual.

K
cm

λc The capacity-offer stationarity expression is the difference be-
tween the zonal capacity price and the offer-bound dual.

K
dem

λc The procurement stationarity expression is largest when the
zonal price is at its upper bound and the requirement duals are
zero.

K
ls

WmaxV OLLem The load-shedding stationarity expression is largest when the en-
ergy price is zero.

The bounds are conservative common values rather than mathematically minimal bounds for every
individual variable. Their adequacy is tested in the proof of concept by multiplying all values by 100.



D
Computational performance of the

exploration runs

This appendix provides the detailed evidence supporting the computational-performance discussion in
Section 5.1. Across both case studies, six capacity market designs and 80 exploration directions result
in 960 first-stage runs. Every run returned a feasible incumbent, and the corresponding redispatch
problem could subsequently be solved to optimality. All exploration outcomes remain included in the
results analysis, irrespective of their final optimality gap.

D.1. Overall computational performance
Table D.1 summarizes the solving performance for each scenario. The requested relative optimality
gap was reached in only part of the exploration set, while most runs ended at the time limit. One run
per scenario in Case Study 2, and one country-wide run in Case Study 1, did not return a finite relative
gap.

Table D.1: Computational performance of all exploration runs.

Scenario Runs
Reached
target gap

Time
limit

No finite
gap

Median
gap

Maximum
finite gap

Median
time [s]

Case Study 1, z1 80 9 71 1 1.227 166.766 220.6
Case Study 1, z3, σ = 0 80 21 59 0 0.146 35.301 220.5
Case Study 1, z3, σ = 0.25 80 12 68 0 0.380 8.120 220.5
Case Study 1, z3, σ = 0.5 80 10 70 0 0.348 5.256 220.6
Case Study 1, z3, σ = 0.75 80 10 70 0 0.488 114.924 220.6
Case Study 1, z3, σ = 1 80 10 70 0 0.752 99.792 220.6
Case Study 2, z1 80 9 71 1 21.221 1095.719 120.6
Case Study 2, z3, σ = 0 80 11 69 1 7.269 702.144 120.5
Case Study 2, z3, σ = 0.25 80 11 69 1 15.226 687.545 120.5
Case Study 2, z3, σ = 0.5 80 9 71 1 15.046 1201.550 120.5
Case Study 2, z3, σ = 0.75 80 9 71 1 20.930 6.88× 108 120.6
Case Study 2, z3, σ = 1 80 9 71 1 18.547 950.937 120.6

The gaps refer to the PTDF-based exploration objective rather than to capacity market expenditure,
redispatch cost, or another economically meaningful quantity. This objective can take values close to
zero, which can produce very large relative gaps even where a feasible incumbent has been found.
The reported gaps should therefore be interpreted as a measure of how far the solver progressed in
the respective exploration direction, not as an equivalent uncertainty in the economic results.
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Figure D.1: Relative optimality gap by exploration run and scenario. Each column represents one PTDF-based exploration
direction. Runs without a finite relative gap are displayed at the upper limit of the color scale. All runs remain included in the

results analysis.

D.2. Warm-start procedure for Case Study 2
Case Study 1 was solved with a standard time limit of 220 seconds per exploration direction. In Case
Study 2, the complete MILP initially struggled to find feasible incumbents within the available solving
time. A separate weight-independent LP was therefore solved once for every capacity market design
and value of σ.

The LP contains the primal energy market, capacity market, and investment constraints, but excludes
the dual variables and disjunctive constraints of the full MILP. Its primal solution was used to provide
starting values for the continuous variables. Starting values for the binary variables were derived from
whether the associated primal variables or constraint slacks were active. This resulted in a partial MIP
start that was reused for all 80 exploration directions within the respective scenario.

The warm-start LP does not contain the PTDF-based exploration objective. The positive and negative
exploration of each transmission line therefore begin from the same underlying starting point. The warm
start does not alter the feasible set or any equilibrium condition. It can, however, affect the search path
and the incumbent found before the time limit is reached, particularly for runs that do not achieve the
requested gap.

D.3. Mapping of exploration runs to PTDF directions
The exploration run IDs follow the order of the PTDF matrix. For each transmission line, the first run
uses the positive PTDF direction and the second run uses the negative direction. Table D.2 provides
the complete mapping. The number of significant entries is also reported to distinguish between sparse
and dense PTDF rows.

Table D.2: Mapping of the PTDF exploration directions. L1 is the sum of the absolute PTDF values in the row, while nsig

counts entries with |PTDFℓ,n| > 0.05.

PTDF row
order

Line
index L1 nsig

Positive
run ID

Negative
run ID

1 0 14.76 33 1 2
2 1 18.24 33 3 4
3 10 4.85 20 5 6
4 11 3.10 10 7 8
5 12 2.91 10 9 10

Continued on next page
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Table D.2 – continued from previous page
PTDF row
order

Line
index L1 nsig

Positive
run ID

Negative
run ID

6 13 2.57 8 11 12
7 14 2.52 8 13 14
8 15 7.39 19 15 16
9 16 5.54 30 17 18
10 17 7.60 20 19 20
11 18 3.95 10 21 22
12 19 5.51 31 23 24
13 2 5.02 20 25 26
14 20 5.71 31 27 28
15 21 4.96 10 29 30
16 22 4.39 10 31 32
17 23 1.34 7 33 34
18 24 1.41 7 35 36
19 25 1.12 7 37 38
20 26 12.39 20 39 40
21 27 11.64 20 41 42
22 28 6.05 20 43 44
23 29 1.00 1 45 46
24 3 4.85 20 47 48
25 30 3.09 10 49 50
26 31 3.94 10 51 52
27 32 3.00 3 53 54
28 34 3.59 10 55 56
29 35 0.82 2 57 58
30 36 1.08 2 59 60
31 37 3.24 10 61 62
32 38 0.92 2 63 64
33 39 5.44 20 65 66
34 4 6.62 31 67 68
35 40 5.03 20 69 70
36 5 6.06 31 71 72
37 6 5.39 20 73 74
38 7 2.43 8 75 76
39 8 2.85 10 77 78
40 9 2.56 8 79 80

D.4. Repeatedly difficult directions and PTDF structure
A clearer computational pattern appears when the gaps are compared by exploration run rather than
only by scenario. Largely the same directions remain difficult across the different values of σ. In Case
Study 1, run 74 is among the directions with the largest gaps for every investigated value of σ. In Case
Study 2, runs 22, 49, 52, and 61 repeatedly appear among the most difficult directions. Both positive
and negative PTDF directions are represented, so the sign of the exploration direction alone does not
explain the difference in solving performance.

The clearest distinction is between highly radial and meshed PTDF rows. Five PTDF rows have signif-
icant entries at no more than three nodes, where an entry is treated as significant if |PTDFℓ,n| > 0.05.
Across the six designs, 59 of the 60 corresponding runs in Case Study 1 and 54 of 60 in Case Study 2
reach the requested gap. Among the remaining directions, only 13 of 420 runs in Case Study 1 and 4
of 420 in Case Study 2 reach the target. Exploration along radial directions is therefore considerably
easier for the solver.

Beyond this distinction, solving difficulty does not increase mechanically with the density of the PTDF
row. Several repeatedly difficult directions in Case Study 2 have ten significant entries and do not
belong to the rows with either the largest L1 norm or the largest value of nsig. The PTDF structure
therefore explains why the radial directions solve quickly, but not the full variation among the remaining
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meshed-network directions.

The repeated occurrence of the same difficult run IDs across the different values of σ indicates that the
selected network direction has a stronger influence on solving performance than the level of cross-zonal
participation alone.

D.5. Extended reruns
Runs 29 and 46 of Case Study 2 were rerun with an extended time limit of 1,500 seconds. The in-
cumbent of the corresponding initial MILP run was used as the starting point. Table D.3 compares the
original and extended results.

Table D.3: Comparison of the initial and extended Case Study 2 runs. A dash indicates that no finite relative gap was available.

Design σ Run
Initial
status

Initial time
[s]

Initial
gap

Rerun
status

Rerun time
[s]

Rerun
gap

z1 0 29 Time limit 120.8 1095.718 Time limit 1500.5 1095.719
z1 0 46 Time limit 120.7 – Optimal 176.9 0.000
z3 0 29 Time limit 120.4 55.579 Time limit 1500.7 54.173
z3 0 46 Optimal 18.3 0.000 Optimal 4.2 0.000
z3 0.25 29 Time limit 120.6 108.195 Time limit 1500.6 106.648
z3 0.25 46 Optimal 17.3 0.000 Optimal 4.0 0.000
z3 0.5 29 Time limit 120.7 1201.550 Time limit 1500.9 1201.550
z3 0.5 46 Time limit 120.3 42.934 Optimal 65.7 0.000
z3 0.75 29 Time limit 120.7 950.936 Time limit 1501.2 950.937
z3 0.75 46 Time limit 120.7 – Optimal 236.4 0.000
z3 1 29 Time limit 120.6 950.936 Time limit 1501.1 950.937
z3 1 46 Time limit 120.6 – Optimal 246.7 0.000

The extended solving time was effective for run 46. In four scenarios, it reached the requested gap after
the initial run had ended at the time limit without doing so. Run 29 remained difficult across the scenario
set despite the longer time limit and the use of the previous incumbent as a starting point. Additional
solving time can therefore resolve some difficult directions, but it does not remove the structural difficulty
of every exploration objective.



E
AI statement

For this thesis, AI was used in several ways. 1) Writefull’s integration into Overleaf was used to improve
the language of this thesis. Writefull not only points out spelling and grammar mistakes but also sug-
gests improvements on how to improve readability by for example suggesting to switch the sentence
structure. 2) GitHub Copilot was used for writing code to accelerate the coding process. Through the
integration in VS Code, it was used to diagnose errors, clean up the structure but also write code itself.
Importantly, it was only used to write code for the logic provided by the author beforehand. Therefore,
it did not have any influence on the conceptual or formal model built by the author, but only the im-
plementation of it in code. Especially for the creation of figures, the coding assistance saved a lot of
time. 3) Claude (Opus 4.7) was used for clarity and report structure. In that it was primarily used to
have an eye on the coherency of the report, suggesting what parts of a section should be switched in
sequence for example or pointing out unnecessary repetitions across sections. It was therefore used
to provide stylistic feedback improving the clarity of the report. To do so, sections of this thesis were
periodically uploaded to check for coherency. However, no AI generated text was directly carried over
into the report. 4) ChatGPT (GPT-5.5) was used to generate the cover image based on Figure 4.1 and
Figure 4.3.

After using AI tools, I manually reviewed and critically assessed the results/suggestions and take full
responsibility for the content of this report.

102


	Preface
	Summary
	Nomenclature
	Introduction
	Knowledge gap & research question
	Sub-questions
	Research approach
	Societal and CoSEM relevance
	Contribution and structure of the report

	Locational Signals in Capacity Mechanisms
	The rationale behind locational signals in capacity mechanisms
	Increase of security of supply
	Reduction of congestion management measures
	Co-development of generation and transmission
	Key differences between EU and US

	Archetypes of capacity mechanisms with locational signals
	Archetype A - CM mirroring the energy market
	Archetype B - CM aggregating energy market nodes
	Archetype C - Local procurement beneath an aggregate market

	Locational capacity mechanisms and redispatch in literature
	Cross-zonal participation
	Conclusion

	Methodology
	Conceptual model
	Individual actor problems
	Power generators
	Demand agents
	Redispatch operator
	Market clearing

	Mixed Complementarity Problem
	Solution-space exploration
	Full primal-dual MPEC
	Sequential primal-dual
	Sequential MILP
	Choice of solution method

	Proof of concept and verification
	Proof of concept setup
	Solution method comparison
	Implementation verification
	Extreme-condition and numerical robustness
	Sensitivity to model configuration


	Case study
	Scope and data
	Data preparation
	Generator data and case-study cases
	Capacity market zone definition
	Representative days

	Experimental design and model implementation
	Scenarios
	Cost parameters
	Model implementation

	Comparison of solving performance between solution methods
	Comparison of all three methods
	Comparison of the two sequential models


	Results
	Computational performance and interpretation of the exploration set
	Starting capacity position and need for new investment
	Effect of introducing a locational capacity market signal
	Capacity procurement
	New capacity siting
	Congestion outcomes
	Interim conclusion on introducing a locational signal

	How cross-zonal participation modifies the locational signal
	Zonal capacity obligations and transfers
	Capacity market cost
	Siting response
	Congestion response
	Interim conclusion on cross-zonal participation

	Network mechanisms behind the congestion outcomes
	Dominant bottlenecks and capacity siting
	Redispatch feasibility and local headroom

	Combined capacity market and congestion-cost comparison
	Observed combined-cost comparison
	Break-even valuation of grid-related load shedding

	Synthesis across both case studies
	What changes when a locational signal is introduced?
	How does cross-zonal participation modify that effect?


	Discussion
	Limitations and interpretation boundaries
	Equilibrium exploration and computational limitations
	Simplified investment and system representation
	Interpretation of congestion and total costs

	Interpretation of the main findings
	Locational capacity as a deliverability mechanism
	The trade-off introduced by cross-zonal participation
	Dependence on the inherited generation fleet
	Spatial resolution and dominant constraints

	Implications for capacity market design
	Design implications
	Institutional and regulatory implications

	Areas for further research

	Conclusion
	Answering the research questions
	Contribution and academic reflection
	Personal reflection

	References
	Design options for locational signals in capacity mechanisms
	PTDF matrix construction
	Methodology appendix
	General construction of a Mixed Complementarity Problem
	Strong duality and primal-dual reformulation
	Actor optimality conditions and primal-dual equations
	Investable generator
	Legacy generator
	Energy-demand agent
	Capacity-demand agent
	Redispatch operator

	Bounds used in the sequential MILP

	Computational performance of the exploration runs
	Overall computational performance
	Warm-start procedure for Case Study 2
	Mapping of exploration runs to PTDF directions
	Repeatedly difficult directions and PTDF structure
	Extended reruns

	AI statement

