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Abstract

The energy transition faces a bottleneck at the distribution level, where the
rapid integration of distributed energy resources (DERs), such as solar pho-
tovoltaics (PVs), electric vehicles (EVs), and heat pumps (HPs), outpaces
the capabilities of current distribution networks. Low-voltage (LV) grids, his-
torically designed as passive infrastructure, are now subjected to stress that
exceeds their original design. Consequently, distribution system operators
(DSOs) must evolve into active managers, requiring new tools to operate the
network efficiently. This operational shift is also accelerated by rising regula-
tory pressure requiring coordination between DSOs and transmission system
operators (TSOs) in managing the power systems as whole.

This thesis proposes an operational toolkit built on three core capabilities:
seeing the network, balancing its existing capacity, and exchanging access to
it. This toolkit view is complemented by a multidimensional analysis of the
TSO-DSO coordination literature, which examines why methods of this kind
rarely progress to commercial deployment.

First, network observability (see) is addressed through a topological path
identification (TPI) methodology. Using an integer linear programming (ILP)
formulation, this approach assigns a physically feasible path to 88% of cus-
tomers from incomplete, static geographical data without reliance on ad-
vanced metering infrastructure (AMI). When validated on a real-world LV
network, the algorithm demonstrated robustness, achieving a fault detection
rate exceeding 95% under the tested corruption model.

Second, a phase reconfiguration (balance) algorithm is developed. By
shifting away from non-linear power-flow models to a linear optimization
based on long-term load curves, this method balances the network without
the need for physical grid reinforcement. When applied to the topology of
a real Belgian network under a synthetic high-DER scenario, the approach
successfully reduced load unbalance by 36% and 62% across the two test
feeders and decreased total line losses by 4.4%.

Third, a continuous market mechanism (exchange) for dynamic oper-
ating envelopes (DOEs) is introduced. This framework allows network par-



ticipants to trade physical network access while guaranteeing operational
security under DC power flow assumptions. Results indicate that this limit-
exchange mechanism shows the potential to reduce renewable curtailment,
incentivize the use of local flexibility, and extract additional value from ex-
isting infrastructure without requiring centralized control.

Finally, the thesis evaluates the broader operational landscape through a
multidimensional analysis of TSO-DSO coordination. By comparing theoret-
ical literature against real-world pilot projects across five dimensions (mod-
eling, operation, validation, communication, and regulation), this research
suggests the gaps blocking commercial deployment are not algorithmic com-
plexity but rather communication infrastructure, validation at scale, and
regulatory alignment.
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Chapter 1

Introduction

This chapter establishes the context of the energy transition that
motivates this research. It outlines the resulting operational chal-
lenges facing modern distribution networks, states the research
questions, summarizes the thesis contributions, and provides an
outline of the manuscript and the associated publications.

1.1 Context and motivation

Energy is essential to modern society, and its supply directly influences eco-
nomic development. While the economic impacts vary by country, the role
of electricity consumption and the link to gross domestic product (GDP) are
documented in the literature [1]. The traditional energy sources, such as oil,
coal, and natural gas, are often located far from the regions that consume
them. Relying on them for economic growth therefore implied a dependence
on external suppliers. Reducing this dependence by substituting imported
fuels with generated renewable electricity has, in recent years, become an
explicit policy objective in Europe [2].

A second, and increasingly dominant, concern is climate change. There
is broad scientific consensus that rising concentrations of greenhouse gases
(GHG), which trap heat in the atmosphere, are driving significant warming of
the atmosphere and oceans. Under the 2015 Paris Agreement, most nations
committed to holding the increase in global average temperature to well



1.2. FROM PASSIVE TO ACTIVE Introduction

below 2°C above pre-industrial levels, while pursuing efforts to limit it to
1.5°C [3]. Consistent with this goal, the European Union and many national
governments have since pledged to reach net-zero emissions by 2050 [4] *.

Achieving these targets requires displacing fossil-fuelled generation with
low-carbon sources and electrifying sectors such as transport and heating.
While a portion of this new renewable generation is supplied by large, transmission-
connected wind and solar plants, distributed energy resources (DERs) are
increasingly being connected at the distribution level. Solar photovoltaics
(PV), electric vehicles (EVs) and heat pumps (HPs) are installed at the low-
voltage (LV) network, behind the customer meter.

Therefore, the LV distribution networks are the point where the energy
transition physically concentrates its stress. Distribution grids are expected
to accommodate around 70% of new renewable generation in Europe by 2030
[5]. This localized stress is made worse by a temporal mismatch between
power generation and demand. Rooftop PVs peak around midday when
local consumption is at its lowest, whereas EVs charging typically coincides
with evening demand peaks. HPs introduce additional unpredictability, as
their power draw is dictated by external temperatures.

The result is that LV feeders are seeing large, rapid power variations that
were never part of their original design.

1.2 From passive to active distribution net-
works

Distribution grids were dimensioned under the fit-and-forget paradigm, mean-
ing that they were oversized for a worst-case, unidirectional demand and then
operated without real-time monitoring or active control. This held as long
as demand was predictable and no generation existed at the LV level. Ca-
bles and transformers were selected with sufficient margin to accommodate
demand peaks, on the assumption that power would always flow downward
from the substation to the load.

High DER penetration breaks both assumptions at once, since it intro-
duces uncertainty into demand and drives reverse power flow. The conse-
quences are already visible in several European countries as voltage excur-
sions beyond limits, thermal congestion of lines and transformers, and, in-
creasingly, the rejection of new connection requests. Reinforcing the grid by
replacing cables and transformers provides additional margin, but the rate

!Net-zero is a condition in which every quantity of GHG emitted is balanced by an
equivalent amount removed.
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at which DERs are being deployed outpaces the typical times for network re-
inforcements, which can take several years. Beyond speed, the utilization of
new infrastructures may remain low outside of the specific stress periods that
triggered the investment, resulting in highly inefficient capital allocation.

This growth makes the passive view unsustainable and pushes the DSO
toward more active management of its networks. This is the principle of
active network management (ANM): addressing congestion and voltage issues
with decision-making policies, generally through dynamic control of network
assets or connected resources [6].

1.3 Challenges for the distribution system op-
erator

The distribution system operator (DSO) faces a set of challenges ([7]), which
can be grouped into technical, operational, and economic spheres, as sum-
marized in Table 1.1.

From a technical perspective, the bidirectional power flows generated by
DERs complicate traditional protection schemes and aggravate local power-
quality problems such as voltage fluctuations. As the grid becomes more
digitalised, DSOs also face increasing cybersecurity exposure, which calls for
specific defensive measures.

Operationally, while DSOs are expected to act as active operators to co-
ordinate these distributed assets, they remain severely constrained by limited
visibility within LV feeders. Incomplete topological records, missing or un-
certain network parameters, and the absence of interoperable data standards
mean that a DSO attempting to run an optimization over its own network
may lack the basic inputs that optimization requires.

Finally, the proliferation of DERs raises economic and social questions.
Decentralised generation reshapes consumption profiles and changes tradi-
tional utility revenue structures, prompting a shift towards new business
models. Moreover, when physical limits are reached, the DSO must decide
how to allocate grid resources among customers, making fairness and equity
an explicit design concern.

At the same time, pressure is mounting from the higher-voltage direction.
Recent European regulation calls for closer coordination between the DSO
and the transmission system operator (TSO) in operating the system as a
whole [8]. This coordination is technically and organisationally non-trivial
as the two operators have historically operated on different timescales, with
different tools, and with little formal interface. The DSO is thus squeezed
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Table 1.1: Future DSOs challenges associated with high penetration of DERs.

Category Challenges

Technical Grid stability & power quality
Integration of advanced ES technologies
Al-driven operational optimization
Coordination with TSOs
Protection coordination
Cybersecurity risks

Operational & management Data management & visibility
Regulatory frameworks
Operational flexibility & resilience
DER aggregation & coordination responsibilities

Economic & social Revenue models & cost recovery
Fairness & equity in network planning

from two directions simultaneously, as illustrated in Fig. 1.1: from below by
DERs reshaping the LV networks, and from above by a growing responsibility
to provide services to a transmission system from which it has been insulated.

1.4 Research questions

This work focuses on three operational capabilities, selected to act as the pri-
mary building blocks for an active management toolkit. Before any decision
can be taken, the operator must know the network it operates (see). Given
that knowledge, the DSO has to optimize the network, while there may be
many possible solutions, the cheapest corrective option is by making better
use of existing physical assets (balance). However, because capacity opti-
mization cannot entirely absorb the uncertainties of generation and demand
introduced by DERs, even a rebalanced network will inevitably experience
periods of congestion requiring curtailment. To manage these operational
limits, the remaining network capacity must be dynamically allocated among
users through a coordinated market framework (exchange).

Therefore, this thesis is motivated by the necessity to equip DSOs with an
operational toolkit for actively managing high DER penetration. It addresses
four research questions (RQs). The first three formalize the see, balance, and
exchange capabilities introduced above. The fourth RQ steps back from these
specific capabilities: it asks what stands between DSO tools and real-world
TSO-DSO coordination at scale.

RQ1 To what extent can customer topological paths in LV networks be iden-
tified using incomplete static records without relying on advanced me-

4
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TSO

DSO

DERs

Figure 1.1: The evolving landscape of the distribution network. The DSO is
squeezed from two directions: managing bidirectional power flows and load
uncertainty from high penetrations of DERs at the LV level, while facing
increasing regulatory pressure to coordinate with the upstream TSO.

tering infrastructure (AMI)?

RQ2 How can the customer phase reconfiguration problem be formulated
and solved to minimize network unbalance over long temporal horizons
without relying on heavy power flow calculations?

RQ3 How can dynamic operating envelopes (DOEs) be translated into trade-
able capacity products within a local flexibility market while preserving
network security?

RQ4 What are the primary limitations preventing the transition of theoret-
ical TSO-DSO coordination schemes to commercial deployment?

1.5 Contributions and Manuscript Outline

The thesis makes four main contributions, which together trace a path from
knowing the network to coordinating its operation. The remainder of this
manuscript is organized to reflect this progression:
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Chapter 2 addresses the see capability (RQ1) through a novel topolog-
ical path identification (TPI) methodology. By developing an integer lin-
ear programming (ILP) formulation, this systematic procedure reconstructs
customer connectivity using only incomplete, static records, overcoming the
operational blindness of LV networks without relying on advanced metering
infrastructure (AMI).

Chapter 3 builds on the established connectivity to address the balance
capability (RQ2). It formulates customer phase reconfiguration as a linear
optimization over long-term load curves, considering phase unbalance, the
number of physical reconfigurations required, and the position of each cus-
tomer along the feeder.

Chapter 4 addresses the exchange capability (RQ3), introducing a con-
tinuous market mechanism for DOEs. Moving beyond non-transferable ca-
pacity limits, this framework enables network participants to trade physical
network access while mathematically guaranteeing real-time operational se-
curity under the DC approximation.

Chapter 5 steps back from these DSO-level capabilities to contextual-
ize the operational toolkit (RQ4). Through a multidimensional analysis, it
evaluates the transition from theoretical transmission and distribution coor-
dination to commercial deployment, suggesting that the primary barriers to
large-scale implementation may lie in validation, communication, and regu-
latory alignment.

Chapter 6 concludes the thesis. It summarizes the findings, reflects on
what the toolkit developed in Chapters 2—4 achieves and where its limits lie
in light of Chapter 5, and outlines directions for future research.

1.6 List of publications

Publications on which this thesis is based:

9] Vassallo, Maurizio; Benzerga, Amina; Bahmanyar, Alireza; Leer-
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Ernst, Damien; Phase Reconfiguration for Power Distribution Networks
with High DERs Penetration, IEEE Kiel PowerTech, 2025.

Chapter 3 is based on this paper.

[10] Vassallo, Maurizio*?; Leerschool, Adrien*; Bahmanyar, Alireza; Duch-
esne, Laurine; Gerard, Simon; Wehenkel, Thomas; Ernst, Damien; An
optimization algorithm for customer topological paths identification in

2 Asterisk (*) indicates that authors contributed equally
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Chapter 2

An Optimization Algorithm for
Customer Topological Paths Iden-
tification in Electrical Distribu-
tion Networks

Before a network can be physically optimized or its capacity
traded, it must first be accurately mapped. Addressing the see
capability of the thesis, this chapter tackles the TPI problem. Ac-
knowledging that many operators lack advanced metering infras-
tructure, it proposes an integer linear programming methodology
that identifies customer topology connection using only possibly
incorrect, static data.

2.1 Introduction

Accurate knowledge of network topologies and the specific routes electric-
ity takes to reach individual customers is often unavailable to DSOs due to
incomplete, outdated, or erroneous data records. Accurately reconstructing
these customer topological paths remains a challenging task due to several
factors. Firstly, DSOs frequently rely on incomplete or inaccurate geographic
information system (GIS) data, which may contain errors derived from out-
dated recordings or limitations in global positioning system GPS technologies
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[20]. Secondly, while the integration of AMI in distribution networks has in-
creased, many European countries still lack widespread AMI coverage ([21]),
limiting the feasibility of measurement-based methods. Finally, scalability
poses a significant obstacle; as networks grow in size and complexity, tradi-
tional approaches often fail to provide efficient and scalable solutions.
Despite these challenges, the accurate identification of customer topological
paths is fundamental to numerous applications in modern power systems. It
serves as a foundation for improving digital representations of distribution
networks, supporting DSOs in performing simulations and analyses.

2.1.1 Literature review

In power distribution networks, various methodologies have been proposed to
address the network topology identification or the TPI problem specifically.
These methods can be characterized into two main categories: techniques
that only rely on static data, such as GIS data of the elements in the network,
and methods that also rely on AMI data, such as smart meter recordings.
Static data-based methods generally focus on establishing relationships and
connections between elements. Relevant studies include: [22, 23, 24, 25, 26,
27, 28, 29, 30, 31]. For example, in [22] and [23] the authors identify the
network topology of different networks using publicly available geographical
data and connecting the elements based on their distances. In [24], topol-
ogy identification is performed using Euclidean distances and a breadth-first
search algorithm to identify clusters, followed by refinement through connect-
ing nodes to their most probable lines. The chapter [25] presents a kd-tree
algorithm for identifying clusters of elements, followed by connecting the ele-
ments within each cluster based on a predefined distance. In [26], the authors
present a new procedure to exploit graph theory and data structure prop-
erties to efficiently detect and correct errors in models of radial secondary
systems. The chapter [27] uses knowledge graphs to represent the existing
relationships among elements in LV distribution networks. The knowledge
graphs are then used to identify the correct network topology.

The main advantage of these methods is that they operate without relying
on AMI measurements, making them suitable for DSOs with limited meter-
ing infrastructure. However, their major limitation is that GIS data can be
incomplete, inaccurate, or missing for certain areas of the networks.
Dynamic data-based solutions rely on AMI measurements from the network.
Relevant studies include [32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43|. For ex-
ample, in [32], the authors use line current sensor measurements and a mixed-
integer linear programming (MILP) optimization algorithm to identify the
topology of a power distribution network in California. The authors in [33]
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introduce an iterative methodology for reconstructing network topology and
cable parameters of LV three-phase networks with limited smart meter cov-
erage. In [34], the authors present a method for topology identification using
a combination of knowledge graphs and graph neural networks constructed
based on remote signaling and telemetry data. The authors in the chapter
[35] propose a similar approach using mixed-integer quadratic programming
(MIQP) to identify the topology of power distribution networks using smart
sensor recordings. While AMI-based methods can estimate topology and line
parameters (e.g., impedance), they often require extensive sensor coverage,
limiting their applicability in networks with incomplete AMI deployment, as
evidenced by some studies using limited smart meter data [44].

2.1.2 Chapter contribution

This chapter presents an optimization algorithm to assist DSOs in address-
ing the TPI problem using only static data: GIS coordinates of network
elements and customer-to-feeder-terminal-junction assignments as recorded
in MV/LV substation databases. While our previous work [14] established
the definition of the TPI problem and introduced the raw data transforma-
tion process, this chapter introduces and evaluates a concrete computational
approach for solving the problem.

Our methodology relies exclusively on GIS data of network elements and
customer connections to MV /LV transformers, making it particularly suit-
able for networks where GIS data is incomplete or inaccurate and AMI cover-
age is limited. The problem is formulated as an integer linear programming
(ILP) optimization algorithm. The objective function of the optimization
problem focuses on maximizing the number of customers connected to the
correct MV /LV transformer, while some constraints ensure that the solution
satisfies the DSO’s expectations. The proposed methodology effectively ad-
dresses data inaccuracies and incompleteness.

Moreover, a repository with the code of the proposed methodology is released.
The repository is publicly available at the following link: github.com/TPIproblem.

2.1.3 Chapter organization

The rest of the chapter is organized as follows: Section 2.2 presents the
definition of the power network elements considered in this work. Section 2.3
defines the concept of topological paths. The problem statement is presented
in Section 2.4. Section 2.5 defines the methodology used to solve the problem.
The methodology is applied to an academic example in Section 2.6 and a real
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Belgian power distribution network in Section 2.7. Section 2.8 concludes the
chapter and outlines directions for future work.

2.2 Power distribution modeling

The following notation and definitions are consistent with those introduced
in our previous paper [14].

Power distribution networks typically encompass a wide range of elements.
The set of elements & is defined as:

E={en, ..., en .. €} (2.1)

where |E]| represents the total number of elements in the set £ and a single
element is denoted as ey, with £ € {1, ..., |E|}.

Each element can have some attributes, such as its type and coordinates.
The set of all element attributes A is defined as follows:

A:{al, ceey CL|A|}. (2.2)
A single element e € £ is defined as a set of attributes. Formally:
e={eay, ..., ea ..., eaqq} (2.3)

where the dot notation is used to access the attributes of the element e, and
ay represents, for example, the type of the element e, its coordinates, or other
relevant properties.

Each element within the network can be categorized based on its type at-
tribute, serving as a characteristic that distinguishes it from other elements.
The set of types, denoted as T, includes all the possible types associated
with the elements in &:

T=A{t, ..., 47} (2.4)
Among the typical types, there may be customer connection elements, MV /LV
trans former substations.
Given an element e € &£, its type, t € T, is accessed as follows:

t = e.type. (2.5)

12



Optimal TPI 2.3. TOPOLOGICAL PATHS

2.2.1 Network topological functions

The Subset() function is used to identify all elements of a specific type. This
function takes two input parameters: the element set, £, and a type t € T.
Formally:

Subset(E,t) = {e € £ |e.type = t}. (2.6)
In particular, three useful subsets are defined:
C: represents the set of customers in the network, C = Subset(E, customer).

T: represents the set of terminal elements, generally T = Subset (&, transformer).
In this chapter, the terminal element is the feeder junction in the
MV /LV substation, though the methodology supports any network el-
ement in this role.

R: represents the set of all elements, excluding customers and terminal
elements, R=&6 — C —T.

The Dist() function takes two elements ey, e, € £ as input, and it outputs a
scalar value, d, representing the distance between them. The Dist() function
is defined as follows:

d = Dist(eg, en) = ||ex.coor, e,,.coor||s (2.7)

where || @ || represents the Euclidean distance and where ey.coor and e,,.coor
give the coordinates of the element e, and, e,, respectively.

The Connections() function identifies all elements in the set £ that can be
connected to a given element, e € £, considering some specific conditions.
The conditions for connectivity can depend on the DSOs’ requirements such
as distance between the elements, the element types, and so on.

Therefore, the Connections() function takes three inputs: &, e and some
conditions, returning a subset K C £. Formally:

K = Connections(&, e, conditions) = (2.8)
{em € & e, can be directly connected to e if the conditions hold}.
2.3 Topological paths

This section serves as the foundation for understanding the concepts of hy-
pothetical, real, and estimated paths within the context of this work.

13
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2.3.1 Paths

A customer topological path is represented as an ordered list of elements:

b= (p17p27 <oy Pk "'7p\p|—17p|p|> (29>

where p is a generic path, p; represents the initial element in the path, which
is a customer; py represents the k-th element in the path, and p, represents
the terminal element, generally an MV /LV transformer.

Therefore, py € C, and p, € R with k € {2, ..., [p| — 1} and p),| € T.

2.3.2 Hypothetical paths

Hypothetical paths refer to routes where only the initial elements (the cus-
tomers) are known, while the connections between intermediate elements up
to the terminal point are unknown. These paths represent potential ways
that electricity might follow to supply a customer.
The set of hypothetical paths is denoted as H. Each hypothetical path,
h € H, represents a possible supply route for a customer. The number of
hypothetical paths, given the set of elements &, is finite, and it is given by:
IR|
[H = lc|- D> MP -] (2.10)
k=1
where " P, is the permutation formula, which calculates the number of ways

to arrange m items from a set of n items <"Pm = (n_L;n),)

2.3.3 Real paths

The set of all real paths, denoted as P, is a subset of the hypothetical path
set H. Each path p € P represents the actual sequence of network elements
that connect a customer to an MV/LV transformer.

In distribution power networks, which are generally radial, the number of real
paths is equal to the number of customers, since one customer is supplied by
only one MV/LV transformer at any given moment. Therefore, the following
condition holds |P| = |C|, where C represents the set of elements of type
customers.

2.3.4 Estimated paths

The estimated paths, denoted by 751 form a subset of the hypothetical paths,
‘H. This set of estimated paths, P, is an approximation to the set of real
paths within the network, P.
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(a) Simple network. (b) Hypothetical paths.
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(c) Real paths. (d) Estimated paths.

Figure 2.1: Visualization of the different sets of paths.

The set P satisfies the property that the number of estimated paths in the
set is equal to the number of customers considered in the network. Therefore,
the following condition holds |P| = |P| = |C|.

2.3.5 Paths visualization

Figure 2.1 illustrates a simplified network, highlighting hypothetical, real,
and estimated paths.

As shown in Fig. 2.1a, the data about network elements are often incom-
plete, making it difficult to accurately identify the customer paths.

Figure 2.1b shows some of the hypothetical paths. In the absence of prior
information, any path could potentially represent the real one.

This highlights the challenge that, with limited information, only limited
conclusions can be drawn about whether a hypothetical path corresponds to
its real one. Many hypothetical paths for each customer may be available.
Figures 2.1c and 2.1d illustrate the real and estimated paths for each cus-
tomer, respectively. Each customer is associated with exactly one real path
and one estimated path, both of which are subsets of the hypothetical path
set. Therefore: P C H and P CH.

Figure 2.2 presents a Venn diagram illustrating the relationships among the
path sets. The set of hypothetical paths, H, encompasses all other sets,
representing all possible paths within the network. Notably, the sets of real
paths, P, and estimated paths, 75, overlap to a certain degree, highlighting
similarities and discrepancies between the estimation and ground truth. The
overlap between P and P indicates that some estimated paths match the
real ones while others do not. For example, the paths p; and p; for customer
e; match perfectly. However, data inaccuracies can result in discrepancies;
for example, the estimated path p, deviates from the real path p, for the
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Figure 2.2: Representation of the different sets and their relationships.

customer es.

2.4 Problem statement

Generally, DSOs possess different types of information, which we represent
formally as the set Z. This data can include, for example, files about the
GIS data of the network elements, customers’ information like annual power
consumption, network configuration rules explaining how the elements are
connected, and more.

The goal of the DSOs is, given all the raw information available to them,
to estimate the customer topological paths that are as close as possible to
the real paths. Denoting the set of real paths as the set P and the set of
estimated paths as P, the objective is to identify two sets to be as close as
possible and in the best case equal resulting in equal sets, which corresponds

to a Jaccard index of 1: J(P,P) = }zgz} =1
Therefore, the problem is to identify a methodology, 9t(), that, starting from
the set of raw information, Z can identify the best approximation of the real

paths P. Formally:

P=M7I) st. P~P. (2.11)
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2.5 Methodology

This section provides a detailed description of the sequential procedure of the
proposed methodology, 9t(), which aims to detect customer topological paths
in electrical distribution networks. Figure 2.3 illustrates the methodology
graphically.

Mm() No
A
Raw Transformation i:;sz:?t;; ri?]‘;: Hypothetical Topoal;gslcal Diagnostic: Solution
information —> functions [—>| " > paths > pains acceptable to the
listing definition \{vell-deﬁr)ed generation estimation estimation? TPI problem
information (ILP problem) /
1. 2. 3. 4. 5. 6. 7.

Figure 2.3: Flowchart of the steps proposed by our methodology, (), to
identify the customer topological paths in electrical distribution networks.

2.5.1 Raw information listing

Raw information refers to available information or data that comes from vari-
ous sources. The set of raw information is listed as follows: Z = {4y, ..., i, ..., {7},
with i (k € {1, ..., |Z|}) denoting a single piece of raw information.

For this chapter, we use only static data, and in particular, the data needed is
the GIS coordinates of the different elements in the network, their types, and
the feeder terminal junction to which each customer is connected. Generally,
this kind of information is available to the DSOs, even if it may be incomplete
and/or inaccurate. Formally, the data needed for this chapter is:

e The set of elements, £.

e The set of attributes, A, contains at least the coordinates of the ele-
ments, the types, and the feeder terminal junction to which each cus-
tomer is connected.

e The set of types 7 containing at least customer, line, junction, and
transformer.

Therefore, e.coor, e.type must be known for all the elements, e € £, and
c.junction is known for all the customers, ¢ € C.

It is important to note that this formulation relies on the assumption that the
feeder connection (c.junction) provided in the static dataset are correct. A
detailed discussion of this assumption, explicitly contrasted with AMI-based
methodologies, and the framework’s diagnostic behavior when these records
are erroneous, is provided in Section 2.7.6.
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2.5.2 Transformation functions definition

Transformation functions are responsible for transforming the available raw
information into clear knowledge that is relevant within the specific context
of a power network. The set of transformation functions is denoted as fol-
lows: F ={fi, ..., fm, ---, fim}, with f, (m € {1, ..., |F|}) denoting a
single transformation function.

Mathematically, the transformation functions take one piece of raw informa-
tion as input and return the transformed information as output.

2.5.3 Well-defined information

The well-defined information forms the basis for providing a structured foun-
dation to identify customer paths that are as close as possible to reality. The
set of well-defined information is denoted as follows: " = {#, ..., 7}, ..., iz},
with i/, (n € {1, ..., |Z'|}) denoting a single piece of well-defined informa-
tion. Each element in the set Z’ is the result of applying a transformation

function on a piece of raw information, i.e., i}, = f,(ix).

2.5.4 Hypothetical paths generation

Given the set of well-defined information, Z’, the set of hypothetical path
compatible with the set Z’, denoted as HT', is constructed. Each piece of
information in Z’ allows to reduce the size of the hypothetical path set HZ'.
The idea is that the more data is available, the closer to reality the paths
inside the set HZ are.

Search space reduction

Given the set of well-defined information, Z’, the framework constructs the
set of compatible hypothetical paths, denoted as HZ . However, enumerating
the complete set H becomes intractable for large-scale distribution networks
due to the combinatorial growth in the number of possible routing configu-
rations.

To ensure computational tractability, we introduce an A* algorithm as a
search space reduction strategy [45]. The algorithm uses information of the
starting point (the customer ¢ € C) and the final point (the feeder terminal
junction ¢ € T) to explore valid paths.

For a given customer ¢ and target junction ¢, the A* algorithm evaluates the
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potential next element e € £ by minimizing a cost function:

f(e) = g(e) + hle) (2.12)

where g(e) represents the accumulated path length from the customer ¢ to
the current element e, defined as:

lpl—1
g(e) = Z Dist(pk, Pr+1) (2.13)
k=1
where p; = c is the customer, pj, = e is the current element, and each

consecutive pair (pg, pr+1) is a directly connected element pair along the
explored path.

The heuristic function h(e) is defined as the Euclidean distance from the
current element e to the target terminal junction t¢:

h(e) = Dist(e, t) (2.14)
with Dist() as defined in Eq. 2.7.

During the search process, the paths are discarded by the constraints de-
fined in 7' (e.g., the maximum connection distance D and the maximum
overall path length L). Moreover, the algorithm terminates upon identify-
ing a maximum of N valid candidate paths per customer. By applying this
search strategy, the framework generates a feasible subset of hypothetical
paths (HZ'), enabling the ILP solver to converge efficiently.

2.5.5 Topological paths estimation

After generating the hypothetical paths compatible with the well-defined in-
formation, H%', the next step of the methodology is to identify the paths in
the set #Z' that are an approximation of the real paths in the actual network,
therefore identifying the set of estimated paths P.

While various methods can solve the TPI problem, we present an ILP ap-
proach designed to find the solution P and to meet the DSO requirements.

Matrices generation

The following sections describe the main components of our ILP formulation,
including the matrices and the optimization problem.
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e Hypothetical paths matrix:
The set of hypothetical paths, HZ can be represented as a binary matrix
with as many rows as |[H* | and as many columns as |C| + |[R| + |T|.
Therefore, the hypothetical paths matrix, denoted as H, can be written as
follows:

C1 C2 -+ CgT1 T2 -+ TRt L2 - Y

hif10 1 -+ 001 0 -+ 110 1 -+ 0
ha|i1 0 -~ 0010 -~ 0101 - 0
hi[ 100 -~ 00 0 -~ 0110 0 -~ 1.
hpar\ 100 110 1 -~ 011 0 0!
- He H., Hr

Each row hj in the matrix H represents a hypothetical path compatible
with the well-defined information. A value of 1 or 0 in this row indicates
whether the corresponding element, e € CURU T, is present (1) or not
(0) in path hy. A single element of the matrix is accessed as H, ) where
k represents the row (k € {1, ..., |H*|}) and m represents the column
(me{l, ..., [C|+ [R| +|T|}).

For clarity, we divide the H matrix into three sub-matrices:

— The H¢ matrix, denoted as customers’ elements matrix, indicates the
presence of a customer ¢ € C in any path, h € HZ'. Therefore, the Hg
matrix has dimension |HZ'| x [C|.

Since one and only one customer can be present in one path, the
following condition must be satisfied:

c|

ZHC(m,k) =1, Vm € {17 SR |%I/‘} (216)
k

— The Hy matrix, denoted as the remaining elements matrix, indicates
the presence of elements r € R in the paths, h € HZ'. Therefore, the
Hjy matrix has dimension |H*'| x [R|.

No particular condition is imposed on the matrix Hp.

— The Hr matrix, referred to as the terminal elements matrix, indicates
the presence of a terminal node, t € T, in the paths, h € HZ'. There-
fore, the Hy matrix has dimension |H*'| x |T|.

20



Optimal TPI 2.5. METHODOLOGY

Since one and only one terminal element can be present in one path,
the following condition must be satisfied:

IT|

ZHT(m,k) = 17 Vm € {L SRR ’HI,H (217)
k

e Terminal association matrix:
We define a binary matrix, referred to as the terminal association matrix,
denoted as Ty, which indicates the association of elements r € R to a
specific terminal element ¢ € T.
The Ty matrix has dimension |T| x |R| and can be represented as follows:

7"‘1 ’,12 ) rm ) T‘R|—1 rlRI
tt /0 1 .. 0 .. 0 0
t 1 0o o 0 .. 1 0
T. — 218
R t o o .. 1 .. 0 0 (2.18)
te \O 0 - 0 .- 0 1

where 0 and 1 represent respectively whether an element r € R is assigned
to a terminal element ¢ € T or not.

e Estimated paths matrix:
The solution of the TPI problem, the set 75, can also be conceptualized as
a binary matrix that represents the hypothetical paths estimated to be the
real paths. This path matrix, denoted as P, has dimension 1 x IH|.

X hq hy, h\’;—[l’\
P= ... 1 .. 0 ) (2.19)

where 0 and 1 represent whether the path h;, € HZ is an estimated optimal
path or not.
ILP optimization problem

The ILP formulation aims to identify the subset of hypothetical paths that
best approximates the real network topology. The optimization problem is
presented in Eqs. 2.20a-2.20f.
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HE| L
IIEI’I%X W - Z P(k) - Z Z TR(m, n) (2.20&)
VR k m n
) A
s.t. ZHR(m,k) Py - Hr(m,n)
k
< ((ToxBy)-HT) 0 Vme {1 W) e (LT,
| (2.20b)
(15 X Hc>( <1 Vk e {1,...,[c|}, (2.20¢)
k
7
> Tam <1 vm e {1,...,|R|}, (2.20d)
k
Py € {0,1} VE e {1,...,|H" ]}, (2.20e)
T (m.n) € {0,1} vm e {1,...,|T]}, Vn e {1,...,[R|}.
(2.20f)

The decision variables are:

o ls(k) € {0, 1}, indicating whether the hypothetical path k € {1, ..., [H*'|}
is selected as part of the estimated set P.

® Ty n € {0, 1}, representing the assignment of an element n € {1, ..., [R|}
to a terminal element m € {1, ..., |T|}.

The components of the ILP formulation are interpreted as follows:

e Objective function (Eq. 2.20a). The objective function is designed
to achieve two competing goals. First, it aims to maximize the number

of customers correctly connected to their terminal with ZZ{I P(k). Sec-
ond, it aims to penalize overly complex solutions that assign network
elements to feeders without necessity (minimize the number of elements
with value 1 in the matrix Tg). The weighting factor w controls the
trade-off between maximizing customer connectivity and minimizing
redundant assignments.

e Path validity constraint (Eq. 2.20b). This constraint verifies the
validity of the paths by enforcing consistency among the elements of
each selected path. It ensures that, for every estimated path h € P, all
intermediate elements e € h are assigned to the same terminal element
t € T. In simple terms, it ensures that all intermediate elements be-
longing to a path are consistently assigned to the same feeder (terminal
element).

22



Optimal TPI 2.6. ACADEMIC EXAMPLE

e Unique customer-path constraint (Eq. 2.20c). Each customer
c € C can be associated with at most one selected path in P. This
prevents a customer from being linked to multiple estimated paths.

e Unique element-terminal constraint (Eq. 2.20d). This guaran-
tees that each element r € R is associated with at most one specific
terminal element ¢ € T. Therefore, this constraint is designed to pre-
vent the same elements from being associated with multiple terminal
elements.

e Binary constraints (Egs. 2.20e-2.20f). These ensure that the de-
cision variables P and Ty take only binary values.

In summary, the ILP formulation identifies the optimal set of estimated
paths, P. It achieves this by ensuring that customers are connected to their
transformers, while preventing different feeders from overlapping or sharing
lines.

2.5.6 Diagnostic function

The set of estimated paths, 75, is validated with a Diagnostic() function.
This abstract function can be customized to implement various validation
criteria and methodologies, serving as a critical tool for assessing the quality
of the obtained solution. The Diagnostic() function evaluates the found
paths by checking any possible discrepancies from reality.

If inconsistencies are detected, the corresponding transformation functions
can be adjusted to correct the identified issues. The methodology is then
re-executed with the updated transformations until satisfactory results are
achieved.

2.5.7 Solution of the TPI problem

If no discrepancies are identified or the DSO considers the solution accept-
able, the set P is regarded as the final solution to the TPI problem.

2.6 Academic example

To illustrate the methodology used to solve the TPI problem, an academic

example of a power distribution network with a limited number of elements
is considered.
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2.6.1 Raw information

We assume the set of raw information available to the DSO, denoted as Z, is
provided by some pieces of information:

i1: Documents containing the DSO’s list of elements, their coordinates,
and their types. However, some elements may be missing, and some
coordinates may be inaccurate.

io: MV/LV transformer cabin manuals provide instructions on cabin setup.
This includes details about the organization of connection boards and
how feeder lines connect to specific terminal elements or feeder terminal
junctions on these boards.

13: Customers’ information about which feeder terminal junction in the
MV/LV transformer they are connected to.

14: DSO’s general practice is to reduce energy losses by minimizing the
total path length of each customer.

i5: Information that LV networks are operated radially.

2.6.2 Transformation functions

The set F enumerates the transformation functions. Given that there are
five pieces of raw information, the number of transformation functions is also

five (|F| = |Z] = 5).

2.6.3 Well-defined information

The set of well-defined information is given by:
i1 = f1(i1): Set of elements, £, and their attributes, A are known.

it, = fa(iz): The elements of two types junction and transformer are
directly connected with no intermediate element. Since each feeder
terminal junction has a known associated transformer, we can simplify
the path identification problem by considering the path from the cus-
tomer to the feeder junction terminal.

i5 = f3(iz): For each element of type customer, e € &, its attribute
Junction, c.junction, where it is connected to is known.
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iy = fa(i4): An element can be connected to another only if its distance
is less than a given distance D. Moreover, the total length of a path
must not exceed a maximum length L.

is = f5(i5): Since the network has a radial structure and does not have
loops, each element can only appear once in each path.

The set of elements known to the DSO is given by:
E=A{e1, ..., e} (2.21)
The set of attributes, A, is given by:
A = {type, coordinate, junction}. (2.22)

The set of types, T, is given by: customer (elements e; to eg), line (e7 to
e12), junction (ei3 to eig) and transformer (e;; and ejg) as shown in Fig.
2.4a.

2.6.4 Hypothetical paths compatible with the well-defined
information

The first two pieces of information are used to generate an initial set of
hypothetical paths, 12, containing all the paths from a customer to a
terminal junction. Figure 2.4b illustrates the customer-to-feeder terminal
junction colors, where matching colors indicate elements that are supposed
to be connected to the same terminal junction. Therefore, the size of the set
of hypothetical paths, compatible with the first two pieces of the well-defined
information, ¢} and i}, is calculated using Eq. 2.10:

|1 | = 61607. (2.23)

The calculation is performed with the set of elements considered &, the cus-

tomer set C = Subset (&, customer), the terminal points set T = Subset(E, junction),
the transformer set F = Subset(E, trans former) and the remaining elements

set R=E6—-C—T—F.

Each remaining piece of well-defined information is used to exclude the paths
in 1% that are not compatible with the well-defined information. Fig. 2.4c
highlights some of the hypothetical paths for customer ez that satisfy the dis-
tance and connectivity constraints defined by ¢} and i,. Therefore, consider-
ing all the remaining information, 4 to i, the total number of hypothetical
paths compatible with the well-defined information is |7-[I'|. For example,
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nal junction assignments.
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(¢) Image showing some hypothetical paths for
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(d) Final network configuration after customer
path identification.

Figure 2.4: Illustration of the process of identifying customer paths in the
academic network considered.

Fig. 2.4d shows some of the hypothetical paths for customer e3 that satisfy
the distance and connectivity constraints defined by 7 and .

Detailed information about the elements in each hypothetical path can be
found in the online repository (see Section 2.1.2).
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2.6.5 Results paths estimation

The matrices He, Hy, Hr, P and Ty are used in the optimization problem
as shown in Eqs. 2.20a-2.20f.

In particular, the matrices He, Hy and Hy are used as the parameters of
the ILP problem, while P and Ty are the decision variables and represent a
proposed solution to the optimization problem.

The matrix P contains the estimated paths, which are considered as approx-
imations of the real paths; while the matrix Ty represents which elements
belong to each feeder terminal junction.

The estimated optimal paths for this academic network are:

R hi hy hs hy hs he hr hs ho hio
P=(1 0 0 0 0 0 1 1 1 1) (2.24)

The matrix T}y is given by:

er eg €9 €1 €11 €12
€13 0 0 0 0 1 1

TR — €14 1 1 0 0 0 0 (225)
e;s |0 0 1 0 0 0
eg \O 0 0 0 0 0

2.6.6 Results explanation

We will now examine the results obtained from applying the optimization
method to the academic example. This analysis will clarify the meaning and
role of each component in Egs. 2.20a-2.20f.

Maximization term

The maximization term, Eq. 2.20a, contains two operations:

e Maximizing estimated paths: the first term, ZLHI | f’(k), focuses on
maximizing the number of estimated optimal paths, therefore paths

whose have a value of 1.

e Penalty for unnecessary assignments: the second term, ZLTJ Zf | TR (m,n),
introduces a penalty term related to the terminal association matrix.
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This term discourages assigning elements to a feeder terminal junction
when unnecessary.

The value of w is important to determine the relative importance of finding
more valid paths over minimizing the number of elements assigned to the
path. A larger value of w encourages the optimization to find more valid
paths, while a smaller value puts more emphasis on minimizing the elements
used. In this case, w is set to 10.

Validity path constraint

The left-hand side of the constraint term in Eq. 2.20b is calculated in three
operations:

(i) Zlkp”l Hg (o, ). This operation counts the number of elements present in
each hypothetical path, h € H*'. The resulting matrix, of dimensions
|H”'| x 1, is presented in transposed form for space efficiency as follows:

hl h2 h3 h4 h5 h6 h? hS h9 th
(1 2 2 2 3 3 2 1 2 1) (2.26)

(ii) The result, Eq. 2.26, is multiplied element-wise by P. This operation
assures the verification of the constraint only for the estimated optimal
paths. The resulting matrix, still of dimensions |H*'| x 1, is transposed
and presented as follows:

hl h2 h3 h4 h5 h6 h? hS h9 th
(1L 0 0 0 0 0 2 1 2 1) (2.27)

(iii) Finally, the result, Eq. 2.27 is multiplied by the matrix H'. The result
of this operation still has dimensions |#*'| x|T| and the transposed form
is shown as follows:

hl h2 h3 h4 hs h6 h? h8 h9 th
ey 00 0 O 0O 0 0 0 2 1
ey (10 0 O 0O 0 2 0 0 O (2.28)
es |0 0 0 O O 0 O 1 0 0
e NO 0 0 O 0O 0O O 0O 0 0

The element-wise multiplication of matrices in Eq. 2.27 and H' can
be formally represented using diagonal matrix multiplication, ensuring
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dimensional consistency between the operands. Let A C RM*! denote
the column vector obtained from Eq. 2.27, and let B = HT C RM*V,
with M, N € N*. The resulting matrix C C RM*¥ is computed as:

C = diag(A) - B, (2.29)

where diag(A) is a diagonal matrix whose diagonal entries correspond
to the elements of A.
Therefore, the resulting matrix in Eq. 2.28 has dimensions |HZ'| x |T|.

Similarly, the right-hand side of the constraint term in Eq. 2.20b is calculated
in two operations:

(i)

(i)

The matrix multiplication of Ty and HJ. This operation calculates
the number of elements that are present at the same time in a feeder
terminal junction ¢t € T and in a path h € HZ'. The resulting matrix
has dimensions |T| x |H”'| and is given as follows:

hl h2 h3 h4 h5 h6 h? hS h9 th
e;g OO0 1 O O 1 0 0 2 1
es {0 0 O O O O O 1 O 0
es \O 0 O O O O O 0 O 0

For example, considering the value at position (e14, h7) of the matrix
in Eq. 2.30. The value is 2 since the same elements e; and eg are at
the same time assigned to the feeder terminal junction ey4 (second row
of the junction association matrix in Eq. 2.25) and are present in the

path Az (h7 = (es, er, es, 614>)~

Similarly, for the left-hand side, the result of Eq. 2.30 is multiplied
by the matrix Hy. This ensures that the comparison on both sides of
the inequality is performed only on the elements that are assigned to
the same feeder terminal junction. The result of this operation has
dimensions |T| x |HZ'| and is expressed as follows:

hl h2 h3 h4 h5 h6 h? hS h9 th
es O 0 O O O O O 0 2 1
es {0 0 O O O O O 1 O 0
ee \O 0 O O O O O 0 0 0
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Finally, by comparing Eq. 2.28 and Eq. 2.31, the condition Eq. 2.28 < Eq.
2.31 is verified for each corresponding value of the matrices.

In general, the constraint Eq. 2.20b assures that all the elements of an esti-
mated path belong to the same feeder terminal junction. This is guaranteed
when the number of elements in each estimated path is less than or equal
to the total number of elements in the corresponding feeder terminal junction.

Unique estimated path for customer constraint

The constraint in Eq. 2.20c is given as follows:

€1 €z €3 €4 €5 €4

(f’ch>=(1 0 1 1 1 1), (2.32)
(Pch)(k)gL Vke {1, ..., [c]}. (2.33)

Equation 2.32 is a matrix of dimensions 1 x |C| and in this academic example,
all the values are 1 except for es whose value is 0 since no path was identified
for that customer.

Elements assigned to a unique feeder terminal junction constraint

The constraint in Eq. 2.20d is given as follows:

7l €r €8 €9 €10 €11 €12

> Tagw=(1 1 1 0 1 1) (2.34)
k

i

> Tagem <1, vme {1, ..., [R]}. (2.35)
k

Equation 2.34 is a matrix of dimensions 1 x |R| and in this academic example,
all the values are 1 except for e;qg whose value is 0 since the element eqq is
not used by any path. Therefore, it is not assigned to any feeder terminal
junction.

A possible explanation for why ejg is not used is that it is a redundant
element in the dataset, or that the optimization algorithm may have chosen
that alternative paths provide a better solution.
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2.6.7 Example evaluation

Because the academic network is a controlled example, the real paths P
are known, allowing a direct quantitative assessment of the estimated paths
P. From Eq. 2.32, P x Ho = (101111),soa valid path is recovered
for five of the six customers: ej, e3, e4, e5 and eg, giving a per-customer
connection coverage of 5/6 = 83.3% and, using the Jaccard index introduced
in Section 2.4, to:

_|PnP| 5

J(P,P) = — =2 ~0.83. 2.36
(P, P) PUP| 6 (2.36)

The single discrepancy, customer ey, is analysed in the diagnostic evaluation
below.

2.6.8 Diagnostic function

The proposed solution, the matrices P and Ty are then evaluated using the
Diagnostic() function to detect any possible issues.

For example, the solution proposed does not find the paths for each customer,
since it is not possible to find a path for customer e, given the data available
to the DSO. This issue is reported to the DSO, who can perform some further
analysis on the case and understand why no path was found.

For this controlled example the cause can be identified precisely. The A*
search generates candidate paths for ey, but none can be selected: choosing
any of them would require assigning a line element to two different feeder
terminal junctions, violating the path-validity constraint (Eq. 2.20b). This
behavior is consistent with an erroneous recorded c.junction for e;. The
Diagnostic() function therefore flags es for verification rather than forcing
an inconsistent connection.

2.7 Belgian network

We apply our methodology to a real Belgian LV network characterized by
incomplete GIS data and missing customer connections to the network. For
this use case, we assume that the set of raw information, Z, the transforma-
tion functions, F, and the well-defined information, Z’, are the same as those
described in the academic example in Section 2.6.

For this real case, the set of elements known to the Belgian DSO is given by:

&= {61, cvey 61089}. (237)
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The set of attributes, A, is given by:
A = {type, coordinate, junction}. (2.38)

The number of elements for the different types is given in Table 2.1.

2.7.1 Hypothetical paths compatible with the well-defined
information

The total number of hypothetical paths in the set H is generally determined
using Eq. 2.10. Following the methodology (), the hypothetical paths
not compatible with the well-defined information are excluded, keeping only
those compatible with each piece of information, obtaining the set H* . For
the real Belgian network considered, given the large number of elements in
the network, it is impractical to explicitly represent the set H as a set of all
the possible hypothetical paths.
For this reason, to efficiently identify the hypothetical paths that are com-
patible with the well-defined information, the A* algorithm mentioned in
Section 2.5.4 is used.

The implementation of the A*() function is available on the online repos-
itory (see Section 2.1.2). Below, we present the general concept.
After the execution of the A*() algorithm, considering a maximum number of
paths for each customer of N = 15, the total number of hypothetical paths is
|H'| = 17335. The value of N is selected as a balance between computational
efficiency and the likelihood of identifying an optimal solution.

2.7.2 Matrix generation

The set HZ' is decomposed into the three sub-matrices, He, Hg and Hy, as
explained in Section 2.5.5.

These matrices are used as input parameters of the optimization problem.
The matrices P and Ty are used as output decision variables of the optimiza-
tion algorithm.

2.7.3 Optimization problem results

After executing the optimization algorithm, a solution is obtained in the form
of matrices P and Ty.

Displaying the matrices directly might be challenging for visualization
and comprehension. Therefore, we summarize and present the results in a
more comprehensible way.
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Therefore, given the matrix, 157 it is possible to represent the connections
among the elements of the estimated paths graphically. In particular, each
element of an estimated optimal path is assigned a specific color, with black
reserved for unassigned elements.

The color that is assigned to each element depends on the matrix Ty. In

particular, the same color is assigned to the elements that belong to the same
feeder terminal junction.
Figure 2.5a shows a part of the Belgian network considered with three MV /LV
transformers, some lines, and customers. In Fig. 2.5b, it is possible to see
the network after the identification of the paths: colors have been assigned to
customers and lines belonging to the same feeder terminal junction. Dashed
lines represent the connections between the elements, for example, customer-
line connections.

2.7.4 Diagnostic function

Moreover, a few purple squares are present. These are customers for whom no
path was identified, and these are discovered with the Diagnostic() function.
Possible reasons for failing to identify a path include incorrect or miss-
ing data for the feeder terminal junction associated with a customer or the
inability to assign a line to its corresponding feeder terminal junction.
These issues are reported to the DSO for further investigation.
One of the main challenges in this TPI problem is the absence of a well-
defined ground truth, as no explicit reference data is available. Consequently,
quantitative criteria cannot be established to evaluate algorithmic perfor-
mance. Instead, assessment must rely on qualitative evaluation through hu-
man interpretation. For example, in this case, the DSO could access only the
schematic images of customer paths, and a human-in-the-loop process was
employed to compare the identified paths against the schematics to assess
their accuracy.

2.7.5 Parameterization and computational scalability

The performance and scalability of the proposed TPI framework depend
on a defined set of hyperparameters, summarized alongside execution met-
rics in Table 2.1. The spatial threshold D = 50 m and maximum path
length L = 500 m were selected based on the DSO’s network characteristics
and operational experience, effectively restricting the search space to elec-
trically plausible routes. To control combinatorial growth, candidate paths
per customer were capped at N = 15, ensuring sufficient routing diversity
while maintaining tractability. Within the ILP formulation (Eq. 2.20a), the
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(b) After applying the methodology.

Figure 2.5: Part of the digital model of the real network considered.

weighting factor w = 10 balances the maximization of identified customer
paths against the penalization of too long paths.

The methodology was implemented in Python using the Gurobi optimizer
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Table 2.1: Algorithm performance, hyperparameters, and execution statistics
for the Belgian network

Category Metric Value
Total Elements (£) 1089
Customers (C) 526
Network Profile  Lines (R) 441
Feeder junctions (T) 96
MV/LV transformers (F) 26
Max candidate paths per customer (N) 15
Huvervarameters Max connection distance (D) 50 m
yperp Max path length (L) 500 m
Objective weighting factor (w) 10
Candidate paths generated (|HZ'|) 17335
Statisti A* Generation time 264 s
arsties ILP optimization time 5.8's
Results Customers connected 88%

and evaluated on a standard machine (Intel i7, 8GB RAM). Applied to the
1089-element Belgian network, the A* algorithm evaluated the spatial con-
straints and generated 17335 candidate paths in 264 seconds. Thanks to the
highly pruned search space, the resulting matrix sparsity enabled the ILP
solver to subsequently reach global optimality in just 5.8 seconds. As de-
tailed in Table 2.1, this runtime disparity highlights that the candidate-path
generation phase is the dominant bottleneck, making it the primary target
for future scalability improvements.

2.7.6 Robustness analysis

The proposed framework assumes that customer-to-feeder terminal junction
assignments (c.junction) provided in DSO records are correct. This separates
it from AMI-based identification methods, which can infer or verify such
assignments directly from smart meter measurements and are therefore less
sensitive to errors in static records. However, AMI-based approaches require
sufficient sensor coverage; a condition that many European DSOs cannot yet
meet [21].

In data-scarce settings, the accuracy of c.junction records therefore becomes
the critical input quality concern. To evaluate the robustness of the proposed
framework against DSO data inaccuracies, a robustness analysis is performed
on a part of a sub-network of the real-world case study (the same area de-
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picted in Fig. 2.5). The considered sub-network comprises 211 customers, 3
transformers, and 17 feeder terminal junctions.

We changed the input data by randomly corrupting the customer termi-
nal junction (c.junction) assignments for a varying percentage of customers
(from 10% up to 100%) among one of the terminal junction of the 2 other
transformers. To ensure statistical significance, 10 independent iterations are
performed for each corruption level, while the spatial hyperparameters (D
and L) and the objective penalty (w) are kept constant. The objective is
to measure the algorithm’s ability to correctly connect unchanged customers
and avoiding connect corrupted customers. The performance is evaluated
across three metrics, illustrated in Fig. 2.6:

e Fault detection rate: The percentage of customers with corrupted
feeder assignments for which the framework failed to identify a valid
path, correctly avoiding a false connection (true positive rate).

e False connection rate: The percentage of customers with corrupted
feeder assignments for which the framework identified a valid path to
the wrong feeder (false positive rate).

e Network connectivity rate: The percentage of customers that are
assigned a path to their correct feeder terminal junction, where ground
truth is defined by the original uncorrupted assignment (accuracy).

The results show that under realistic error levels (between 10% and 30% cor-
rupted customer-feeder assignments), the fault detection rate exceeds 95%,
meaning that the framework correctly refuses to assign the vast majority of
corrupted customers to an inconsistent feeder, leaving them unconnected for
further DSO investigation. At the same time, the false connection rate re-
mains below 5%, showing that wrong connections are rarely accepted. The
network connectivity rate decreases approximately linearly with the corrup-
tion level, reflecting the expected reduction in the number of customers for
which a feasible path can be identified as database inconsistencies increase.
It should be noted that corrupted assignments are drawn from feeder ter-
minal junctions associated with other transformers. As these transformers
typically serve different geographic areas, many corrupted assignments are
geographically distant, causing violations of the distance (D) or path-length
(L) constraints and rejection before the ILP stage. While this is an intended
feature of the framework, the reported fault detection rate partly reflects the
spatial implausibility of the injected errors. A more challenging scenario is
assigning a customer to a nearby but incorrect junction, particularly within
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the same MV /LV substation. In such cases, feasible short paths exist, spa-
tial constraints are less effective, and detection becomes harder. Therefore,
the reported fault detection rate should be regarded as an upper bound for
the studied corruption model; evaluation under spatially adjacent, same-
substation corruption is left for future work.

This suggests that the proposed TPI framework prioritizes physical grid real-
ities over data errors, with the potential to act as a reliable anomaly detection
filter for DSOs.

100% A

80%

60%

=@~ Fault detection rate
=@~ False connection rate
~@- Network connectivity rate

Rate (%)

40% A

20%

0%

10% 20% 40% 60% 80% 100%
Percentage of customers with corrupted feeder assignment (%)

Figure 2.6: Sensitivity analysis of the TPI framework under varying levels
of corruption. Shaded regions represent the +2 standard deviation interval
computed over 10 independent runs per corruption level.

2.8 Conclusion

This chapter addressed the first capability of the toolkit (see) by answering
RQ1 (To what extent can customer topological paths in LV networks be iden-
tified using incomplete static records without relying on advanced metering
infrastructure (AMI)?) introducing an optimization algorithm to address the
TPI problem in LV power distribution networks. Using only static GIS data
and customer-to-transformer associations provided by DSOs, the methodol-
ogy first constructs a set of hypothetical paths via an A* search strategy,
then selects the optimal subset through an ILP formulation that maximizes
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the number of customers assigned to physically feasible paths. By oper-
ating without AMI data such as smart meter recordings, the approach is
broadly applicable across distribution networks, including those in regions
with limited metering infrastructure, and avoids the cost and complexity of
integrating dynamic measurement sources.

The effectiveness of the methodology was validated on both an academic
test network and a real Belgian LV network comprising 1089 elements, achiev-
ing an 88% customer connection rate. A robustness analysis further demon-
strated that, under realistic levels of corrupted customer-feeder assignments
(10-30%), the framework achieved a fault detection rate above 95% while
maintaining a false connection rate below 5%. This methodology is funda-
mental for constructing an accurate digital reconstruction of power distri-
bution networks, ultimately aiding DSOs in network management and opti-
mization.

The topological reconstruction developed in this chapter lifts the cover
of observability. However, visibility alone does not improve the network’s
physical capacity. To address this, the next chapter focuses on mitigating
the phase unbalance that afflicts LV networks under high DER penetration.
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Chapter 3

Phase Reconfiguration for Power
Distribution Networks with High
DERs Penetration

Assuming connectivity is known (for instance via the method
of Chapter 2), the next step for an active operator is to max-
imize the efficiency of existing infrastructure. Addressing the
balance capability of the thesis, this chapter focuses on mitigat-
ing the phase unbalances caused by high penetrations of DERs.
Rather than relying on heavy nonlinear power-flow models, this
work introduces a linear optimization to reassign customer phase
connections. Results demonstrate improvements, including a re-
duction in load unbalance, decreased line losses, and improved
voltage profiles, particularly in overloaded phases, bringing max-
imum voltages within acceptable limits.

3.1 Introduction

Managing network phase unbalance has become increasingly important for
ensuring stable and efficient grid operation. Phase unbalance arises when the
loads across the phases of a network are not evenly distributed, leading to
unequal voltage and current between the phases. Both issues can accelerate
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equipment aging, increase energy losses, and raise operational costs for the
DSOs.

Phase unbalance in power distribution networks is influenced by their
structural characteristics. Factors such as asymmetrical feeder layouts, dif-
ferences in line lengths, and impedance often create unbalances. The unbal-
anced issue is further intensified by uneven customer assignments to phases,
variability in load consumption patterns, and the unpredictable behavior of
DERs.

There are three main types of solutions for network unbalance: i) re-
phasing, i) phase balancers, and i) ANM [46]. In general, the last two
solutions require the deployment of new devices such as phase balancers,
storage systems, or other controllable equipment. While effective, the ad-
ditional equipment represents a significant capital investment and increases
operational complexity for DSOs. In contrast, re-phasing focuses on chang-
ing customer phase configuration to balance the networks without additional
physical equipment.

Re-phasing has been widely studied in the literature, with various strate-
gies addressing the phase unbalance problem. The authors in [47] focus on re-
phasing single-phase customers to improve the voltage and current unbalance
while keeping the number of phase adjustments below a given number estab-
lished by the DSO. Authors in [48] propose a statistical method to identify
the networks that may benefit from re-phasing, considering two consumption
scenarios: yearly average and day-by-day consumption. In [49] an optimiza-
tion problem is built to identify the minimum number of phase connection
changes in a network to meet a specific phase unbalance tolerance. In [50]
authors apply a Vortex search algorithm to minimize the total power loss of
several IEEE networks. The authors in [51] build a strategy to minimize the
current unbalance, feeder energy-loss cost, customer-interruption cost, and
labor cost. In [52] authors propose the application of devices such as soft
open points (SOP) and phase switch devices (PSD) to re-phase the network
in real-time and to improve network stability and reduce costs, including the
energy curtailment costs of PVs and wind turbines (WTs).

Most studies on network re-phasing focus on short-term scenarios, typi-
cally considering only single-day balancing and limited integration of DERs.
Table 3.1 provides a summary of the works in the field, categorizing them
based on their approaches. Moreover, the table compares these studies with
the methodology proposed in this chapter, highlighting the contributions of
our approach.

Compared to prior works, which mainly focused on short-term re-phasing
under low DER penetration, our method contributes to phase load unbal-
ance mitigation in power distribution networks by proposing an alternative
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optimization problem without relying on non-linear power flow calculation
outputs. The proposed approach formulates a linear optimization problem
aimed at minimizing the unbalance between customer load curves across
phases while simultaneously reducing the number of required customer re-
configurations. Our methodology focuses on customer connections in single
and multi-phase configurations, reflecting the structure of the DSO’s net-
work. The optimization is conducted over a year and accommodates different
DER technologies such as PVs, EVs, and HPs, providing a robust solution
to manage phase unbalance.

Table 3.1: Key features of various phase reconfiguration methods proposed
in the literature, compared to our approach.

V = Voltage, I = Current, RC = Reconfiguration count, L. = Energy losses, FL. = Feeder
load, DI = Distance Impact

Feature | paper [47] [48] [49] [50] | [51] [52] ours
1/2/3-phase 1 3 1,2 |3 [1,23 3 1,23
customer connections
Objecti
JECHIVE V,LRC| I |FLLRC| V | LL | V,LLL | FL,RC,DI
function
One year
s . O 0 @) O O @] [
optimization
Real-time
) O O O O O [ J O
reconfiguration
DERs o P, o o | @ | PVs, WTs | PVs, EVs, HPs

The rest of the chapter is organized as follows. Section 3.2 introduces
the mathematical formulation of power distribution networks, which serves
as the foundation for our method. Section 3.3 presents the definition of the
problem. Section 3.4 shows the methodology applied to an example network.
The results of the real Belgian network are reported in Section 3.5. Section
3.6 concludes the work and discusses possible future works. Appendix 3.A
describes the process of assigning time series data to each customer.

3.2 Network mathematical formalization

3.2.1 Network graph

A power distribution network can be modeled as a directed graph, denoted
by G = (N, &), where N represents the set of nodes and £ represents the set
of directed edges. Each node corresponds to a network component, such as a
transformer or a customer. Each edge e € £, commonly referred to as lines,
establishes a connection between two nodes of the set .
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3.2.2 Network phases

Generally, power distribution networks operate as three-phase systems, where
power is distributed across three phases to ensure balanced operation and
maximize efficiency. Both nodes and lines are associated with one or more
phases. The set of phases in the network is denoted as ®, with ® = {A, B, C'},
representing the three distinct electrical phases.

We define the set of all possible phase configurations, ¥, as the collection of
all customer phase assignments.

For networks with 1-phase, 2-phase, and 3-phase connections, the set ¥ con-
tains 15 distinct possible configurations, representing permutations of the
phase without repetition. Here are included some of the possible configura-
tions:

v = {(4),(B),(C), (3.1)
)7 (A7 C)’ (B7 A)7 (B7 0)7 (07 A)’ (07 B)?
A,C,B),(B,A,C),...(C,B, A)}.

For a given node n € N or line e € &, their respective phase configurations
are denoted as n, and ey, with ¢ € W. A single phase of a configuration
1 € W is denoted as ¢ € 1.

3.2.3 Network feeders

In typical power distribution networks, particularly the ones designed in a
radial configuration, each feeder radiates outward from a single source, such
as a transformer, toward consumption points, such as customers. The set
of all feeders is defined by F, where each feeder f € F is a subgraph of G,
fcag.

Every node and line in the network belongs to a specific feeder. A node of a
given feeder is denoted as n € Ny with f € F and Ny C N. Given a feeder
f € F and a customer in that feeder ¢ € Cy, the phase configuration of the
customer is indicated as ¢, with ¢ € W.

3.2.4 Phase matrices

Some matrices are used to represent the initial, feasible, and track the phase
configurations of the customers in the network.
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Initial configuration matrix

the initial phase configuration of each customer is represented by the matrix
B™* ¢ {0,1}¢XI¥] where a value of 1 indicates a connection to a specific
phase configuration, and 0 indicates no connection. An example of the matrix
B is given hereafter:

1 Py e g - Yy

Bl e=c|l 00 - 0 o 0 (3.2)

Equation 3.2 shows how each customer ¢ € C is connected to a particular
phase configuration ¢» € W. For example, customer ¢ is connected to a single
phase A (configuration 1, € W), while the last customer, cjc|, is connected
to the three-phase configuration (A, B, C') (configuration ¢yq € ¥).

Complement configuration matrix

we introduce the matrix B™" as the complement of the matrix B™" where
each value is inverted. This is expressed as:

Einit -1 Binit’ (33)

where 1 is a matrix of ones with the same dimensions as B, The operation
results in swapping the values of 0 and 1 in B™®. The matrix B is used
later in Eq. 3.10 to count the number of reconfigurations of customer phases.

Solution configuration matrix

DSOs can change the phase configuration of each customer to achieve a more
balanced network. The matrix B represents the final phase configuration ma-
trix obtained after solving the optimization problem, as described in Section
3.3. Each element of B indicates the assigned phase configuration for a cus-
tomer.
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Feasible configuration matrix

not all phase configuration changes are allowed, as there are constraints on
customer connections. Specifically, a customer must maintain a configuration
with the same number of phases as their initial setup, meaning a customer
assigned to a single-phase connection cannot be switched to a multi-phase
configuration, and vice versa. For instance, a customer connected to the
single phase A (e.g., B/, = 1) can therefore only be switched to another
single phase, but cannot be connected to a multi-phase configuration, such

as (A, B,C).
The matrix B7°** represents the set of feasible phase configuration changes.
Considering the example matrix B2, . in Eq. 3.2, Bg;gfnple is given as
follows:
V1 Y2 Y3 e e o o Yy
a/1 1.1 0 -+ 0 -+ 0
Blow o=+ ¢+ ¢+ oo (3.4)
CeNO O O O -~ 1 .-+ 1

Equation 3.4 shows the feasible configuration matrix B/¢*. Customer ¢,

has a one-phase connection and the only feasible configurations are A, B, or

C (Bf;e‘f;l = Bff:f; = Bfifig) = 1). For all other phase configurations, the

corresponding values are 0.

3.2.5 Customer power dynamics

The DSO evaluates the behavior of the network over a finite number of time
steps. The set of all time steps is denoted as 7, and a single time step is
denoted as t, with t € T.

At any time step ¢, customers can consume or produce a given amount of
power. The term Pq;'f .¢ represents the power consumed on the phase ¢ € ¢y,
by the customer ¢ € Cy of the feeder f € F during the time step ¢t € 7. This
power consumption includes miscellaneous loads, EVs, and HPs consumption
(with P(; et = 0). Similarly, P, ., represents the power produced by PVs (with
Py, < 0). The total power for each phase of each customer at any given
time step is calculated as the sum of the power consumed and the power
produced, expressed as:

_ pt —
P¢7C7t - P¢,C,t + P¢,C7t'

(3.5)

The matrix Py, captures the net power flow for each customer, phase, and
time step, providing a representation of the network dynamic behavior. The
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values in the matrix can be positive or negative, depending on whether con-
sumption exceeds production or vice versa.

3.3 Problem statement

The DSO aims to determine optimal customer phase configurations in the
distribution network, balancing consumption across phases while minimizing
the associated reconfiguration costs. The optimization problem is defined as
follows:

min AP punb L\ gchs L \D L pegt (3.6a)
s.t.
v
> By =1 Veel (3.6b)
P
B., <B/%” VeeC Vel  (3.6¢)
B., €{0,1} VeeC,Vy e U (3.6d)

3.3.1 Objective terms

e Phase unbalance impact: represents the sum over time of the de-
viations of the load in each phase from the average load across the
three phases. Minimizing the term in Eq. 3.7 aims to achieve a more
balanced load distribution across the phases.

T F @

Pt =N Ag e — pfyl, (3.7)
t 7 e

where:

— Ay . represents the aggregate load of the customers connected to
phase ¢ of feeder f at time t:

Cy
Apsi=> Pocs (3.8)

— and u;ﬁft is the average load across phases of feeder f at time ¢:

[
A o Zd) ‘A¢7fat

== (3.9)

45



3.3. PROBLEM STATEMENT Phase Reconfiguration

¢ Reconfiguration impact: counts the number of customer phase re-
configurations:

pchg — ZZB mzt (310>

e Customer distance impact: considers the influence of customer dis-
tance from the transformer on the network performance:

Dwet — Z

where ¢y represents the distance of the customer ¢ from the trans-
former, with cg; > 0.

Customers farther from the transformer have a greater impact on net-
work performance due to higher voltage drops and line losses. Maxi-
mizing Eq. 3.11 prioritizes configuration changes that have the most
significant impact on the network, typically those located farther away
from the transformer, often at the end of the feeder.

ZB B!, (3.11)

Cdist

3.3.2 Scaling factors
The factors A”, A\, and AP are scaling parameters:

o \" reflects the cost of phase unbalance, including technical losses and
operational inefficiencies caused by the uneven load between phases.

o \Y represents operational costs associated with changing customer phase
configurations, including labor and potential downtime.

e )\ emphasizes the importance of reconfigurations for customers located
farther from the transformer.

The choice of optimization scaling parameters (AP, A¥, A\P) is determined
with an iterative process. Initially, weights are assigned based on the rel-
ative importance of each objective, with greater priority given to minimiz-
ing phase unbalance over reducing customer reconfigurations or addressing
distance-based impacts. Posterior adjustments are made to balance trade-
offs, correcting for dominant or small terms by increasing or decreasing their
corresponding weights.

The final selected values are: A\ = 0.015, A\¥ =6, \P = 1.
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3.3.3 Constraints

The optimization problem defined in Eq. 3.6 is subject to some constraints
that ensure the phase reconfiguration solution is feasible. These constraints
are:

e Unique configuration assignment (Eq. 3.6b): This constraint ensures
that each customer ¢ € C is assigned exactly one phase configuration
from the set of possible configurations W.

e Phase Configuration Feasibility (Eq. 3.6¢): This constraint restricts
phase configuration changes to the ones that are feasible. Therefore, it
ensures that the number of phases in a customer’s assigned configura-
tion matches their initial setup.

3.4 Conceptual example

This section illustrates the methodology for customer phase reconfiguration
using a simplified conceptual example of a power distribution network. The
example demonstrates the impact of phase configuration optimization on
network unbalance.

3.4.1 Network setup

The example network consists of a 3-phase system with main lines configured
for 3-phase connections, while customer connections may be single-phase or
multi-phase. Figure 3.1 provides a visualization of the network and the phase
configurations. The primary components include the transformer, feeders,
lines, and customer nodes. Each customer is initially assigned a phase con-
figuration, shown as blocks of different colors. The height of each block
corresponds to the phase load relative to its total capacity. Moreover, cus-
tomers can install DER technologies, including PVs, EVs, and HPs. The
penetration rates for these DERs are as follows:

e 83% for PVs (5 out of 6 customers in Fig. 3.1),
e 50% for EVs and,

e 50% for HPs.

Time series for PVs, EVs, and HPs are assigned following the methodology
explained in Appendix 3.A.
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3.4.2 Optimization process

Figure 3.1 visualizes the network’s phase configuration both before (Fig.
3.1a) and after (Fig. 3.1b) applying the proposed optimization. The initial
configuration, Bgﬂfmple, is presented in Eq. 3.2, with the feasible configura-
tions specified in Eq. 3.4.

In this scenario, the DSO identified voltage issues on the A phase of the
transformer, primarily due to overloading. To address these issues, an opti-
mization process is used to mitigate phase unbalance, following the method-
ology described in Section 3.3.

The optimization algorithm adjusts customer phase configurations to re-
duce stress on the overloaded A phase, leading to a more balanced load
distribution among the three phases. For instance, Fig. 3.1b shows that the
configurations for customers ¢; and c¢g were updated from A and (A, B, C)

to C' and (C, B, A), respectively.

@@_ @@_

C1 i c1 U
E@Ej DD E@Zﬁ DD
(a) Before optimization (b) After optimization

Figure 3.1: Phase configurations before and after rebalancing. Each color
represents a phase: A, B and C.

The resulting solution matrix, Begampie, is given in Eq. 3.12. This matrix
represents the final configuration, reducing voltage stress on the A phase and
achieving a more balanced load across all phases.

Y hy 3 oo o o Y

a0 /0 0 1 -~ 0 --- 0
Be:r:ample: C3 10 0 -~ 0 --- 0 (312>
\0 0 0 -~ 0 --- 1

48



Phase Reconfiguration 3.5. CASE STUDY RESULTS

3.5 Case study results

The test network used for this study is a digital representation of a Belgian
distribution network [14]. It is a 3-phase network, with 3-phase connections
in main lines, while customers are either single-phase or multi-phase.

A specific test scenario is designed to assess the proposed method and to
demonstrate the impact of the methodology. In this scenario, the penetration
rates for different DERs are set as follows: 90% for PVs, 60% for EVs, and
50% for HPs. Time series for PVs, EVs, and HPs are assigned following the
methodology explained in Appendix 3.A.

Table 3.2 shows some details about the considered network and scenario.

Table 3.2: Description of the LV distribution network.

Category Number of Elements | Details
Transformer 1 3-phase, 400 kVA
Feeders 2 Radial configuration
Lines m 3-phase main lines,
NAVY 4x50 SE
Customers 23 14 single-phase,
9 multi-phase
PV: 21 (91%) 4-16 kWp (62-38%)
DER Types EV: 14 (61%) 3-15 kW (86-14%)
HP: 12 (52%) 5-14 kW (83-17%)
PV+EV: 13 56% of customers
DER Combinations PV+HP: 12 52% of customers
PV+EV+HP: 7 30% of customers
None: 1 4% of customers

The optimization is performed over one year with a 15-minute resolution
time series, therefore |7| = 35040. For visualization purposes, data from
only five days are selected for the figures. These days correspond to the
15th, 40th, 162nd, 241st, and 324th days of the year (DOY).

Figure 3.2 shows the load unbalances for each feeder and phase before the
optimization. Figure 3.2a presents the load distribution across feeders and
phases, while Fig. 3.2b provides a view of the unbalances for each feeder.
The unbalances are calculated using Eq. 3.7. Load peaks can be observed,
including high peaks primarily caused by EV charging and HP usage during
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periods of low PV production, and low peaks resulting during periods of low
consumption combined with high PV production.

Phase Load
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Figure 3.2: Feeder load distribution and unbalances before optimization.

Figure 3.3 displays the load unbalances in the network after optimiza-
tion. In particular, Fig. 3.3a shows that the phase load curves within each
feeder are now much closer to one another, indicating a reduction in phase
deviations compared to before the optimization.
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Figure 3.3: Feeder load distribution and unbalances after optimization.

Figure 3.4 compares the unbalance in the network before and after the
optimization for the two feeders. It is possible to see that in both feeders the
unbalance was reduced. In particular, the load unbalances were decreased by
36% for feeder 1 and 62% for feeder 2, achieved with 7 and 1 configuration
changes, respectively.

A power flow is executed before and after the optimization to test whether
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Figure 3.4: Load distribution and unbalances across feeders.

reducing the load unbalance affects the voltage and losses in the network.

Table 3.3 presents the results of the power flow analysis before and after
the optimization. The results show that minimizing the load curve unbalance
has a positive effect on the network’s voltage profile and line losses. For
feeder 1, the identified customer configurations improve voltage conditions
in phase A, which was overloaded before optimization. The maximum voltage

52



Phase Reconfiguration

3.5. CASE STUDY RESULTS
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Figure 3.5: Voltage curves of the phases across feeders.

decreases from 1.0609 p.u. to 1.0482 p.u., bringing it inside the acceptable
limits of 1.05, while the minimum voltage increases from 0.9313 p.u. to 0.9505
p.u. However, a side effect is observed in phase B of the same feeder, where
the minimum voltage decreases from 0.9568 p.u. to 0.9430 p.u. In terms of
line losses, the optimization reduces the total losses across the network by
about 4.4%. However, some phases experience slight increases in losses (for
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Table 3.3: Voltage and line losses comparison before and after the optimiza-
tion.

Feeder | Phase Voltage max [p.u.] | Voltage min [p.u.] | Line Losses [kWh]
before after before after before after
A 1.0609 1.0482 0.9313 0.9505 2784 2122
1 B 1.0424 1.0565 0.9568 0.9430 1835 2592
C 1.0622 1.0582 0.9604 0.9597 2999 2651
A 1.0014 1.0085 0.9806 0.9861 14 72
2 B 1.0181 1.0163 0.9752 0.9754 313 279
C 1.0250 1.0154 0.9870 0.9818 258 124

example, phase C' in the feeder 2) as a trade-off to achieve better overall
balance and operational efficiency.

3.5.1 Cost-benefit analysis

Table 3.4 presents a cost-benefit analysis evaluating the financial and oper-
ational impacts of the proposed phase reconfiguration methodology.

The cost of each phase switch is assumed to be €40, based on typical
labor and operational expenses, with 8 reconfigurations in the case study,
the total switching cost is €320. Technical losses, which DSOs bear as they
are not billed to customers, decrease from 8206 kWh/year to 7842 kWh/year
after optimization. At an energy price of €0.20/kWh, this reduction yields
annual savings of €73, resulting in a break-even period of approximately
four years. Beyond loss reduction, phase reconfiguration mitigates voltage
problems, reducing them by 58%. These improvements enhance network
reliability, potentially decreasing equipment aging.

Table 3.4: Cost-benefit analysis of phase reconfiguration.

Metric Before Optimization | After Optimization
Network Losses (kWh/year)® | 8206 7842

Loss Cost (€ /year)® 1641 1568

Savings (€/year) - 73

Switching Cost (€)° - 320

Voltage issues 535 227

Net Benefit (€, year 1) - -247

Break-even time (year)? - 4.4

@Aggregated from Table 3.3. At €0.20/kWh.
8 switches at €40 each. *Assumes no additional switches.
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3.6 Conclusion

This chapter addressed the second capability (balance) by answering RQ2
(How can the customer phase reconfiguration problem be formulated and
solved to minimize network unbalance over long temporal horizons without
relying on heavy power flow calculations?) presenting an optimization prob-
lem to address phase unbalance in power distribution networks by reconfig-
uring customer phase connections without relying on power flow outputs.
While detailed power flow-based optimization could provide highly accurate
solutions, the computational burden of solving such an optimization for a
year-long horizon with 15-minute resolution makes it mostly impractical.
This chapter proposes a computationally efficient alternative that delivers
robust solutions to improve network conditions.

The optimization reduced phase unbalance by 36% in feeder 1 and 62%
in feeder 2, with a total of 8 customer reconfigurations. Voltage profiles im-
proved particularly in overloaded phases, bringing maximum voltages within
acceptable limits. However, a slight worsening in voltage and losses was
observed in some phases, highlighting the trade-offs in phase balancing.

While the re-phasing solution does not require upfront investments, it
is not entirely cost-free, as there may be operational expenses involved in
reconfiguring customer connections, such as labor costs. Additionally, it is a
temporary solution that may need to be repeated periodically as customer
demand patterns evolve. This makes it potentially less efficient than more
permanent solutions like phase balancers or ANM. Therefore, future work
could explore options that combine re-phasing strategies with strategies re-
quiring more investment.

The phase reconfiguration algorithm presented in this chapter provides
a way to improve the network unbalance. Yet even after optimal physical
rebalancing, the network remains vulnerable to the daily and hourly vari-
ability of DER injections. EVs charge at unpredictable times; cloud cover
suddenly reduces PV output; heat pumps cycle on and off. To handle these
real-time fluctuations without resorting to costly and inefficient curtailment,
the DSO requires a dynamic mechanism that reallocates capacity rather than
physical wires. The next chapter therefore shifts to the economic domain,
introducing a market-based framework that allows customers to trade their
network access limits while preserving real-time security guarantees.
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3.A Time series and phases assignment

In this section, we detail the implementation of the optimization problem
introduced in Section 3.3. In particular, this section explains how time series
(TS) data for load, PV generation, EV charging, and HP usage are assigned
to each customer.

Different information is available for each customer. In particular, each
customer’s total annual consumption, household size, and the number of
phases they are connected to are known. For customers equipped with smart
meters (SM), additional real-time data is available, including:

e TS information on the customer’s load;
e the presence of PVs;

e TS generation profiles for customers with PV installations.

For customers without SMs, detailed information on their connections and
consumption/generation is generally unavailable to the DSOs. In such cases,
assumptions are made regarding phase configurations and TS curves for load,
PVs, EVs, and HPs when the information is missing. The assumption process
is summarized in Fig. 3.6.

The assumptions are primarily driven by the annual customer consump-
tion, household size, and the number of phases the customer is connected to,
as represented by the red, green, and blue squares in the flowchart.

The installation size of the technologies can be different for the customers.
In particular, for each technology, there are two main sizes, summarized in
Table 3.5.

Table 3.5: Installation sizes and requirements for technology installations

. Small installation Large installation
Technologies
Size | Requirements Size | Requirements
PVs 2 kW 18 kW
b score, < 3 & b score, >3 &
EVs 3 kW 15 kW
eyl <2 |cy| > 2
HPs 3.5 kW 13 kW

The score for a single customer ¢ € C, considered in Table 3.5, is calculated
as follows:

score, = Chhsize + M (3.13)
Hhh _sizes He

where:
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Figure 3.6: Flowchart of data availability and assumption processes.

Chh_size 18 the customer household size;

® [innsizes 1S the average of the household group sizes;

|cy| represents the number of phases the customer is connected to;

e L represents the average number of phases available.

The score evaluates how likely a customer is to install a technology of a given
size.

After collecting (or assuming) the TS for each customer, a phase config-
uration is assigned to those without SMs. Figure 3.7 illustrates the method-
ology used to assign consumption and production for each technology (load,
PVs, EVs, and HPs) to the phase(s).

The process for phase assignment follows these steps:

¢ Single-phase configuration: If the customer is connected to only
one phase, all technology consumption and generation are assigned to
that phase.

e Multi-phase configuration: If the customer is connected to more
than one phase, the assignment process depends on the size of the
installation:
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Figure 3.7: Phase configuration assignment methodology.

— If the consumption or generation is large, the load, or generation,
is divided almost equally across the three phases where almost
equal means that the phase distribution is based on a random
variable drawn from a normal distribution. This randomized ap-
proach ensures a realistic division of consumption or generation
across the phases, accounting for slight variations occurring in
real-world power systems.

— If the consumption or generation is small, it is assigned to the
least loaded phase. This scenario reflects the practical reality that
distributing small amounts of power across phases often requires
specialized equipment (for example, 3-phase inverters for PVs),
which may not be cost-effective.
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Chapter 4

SecuLEx: a Secure Limit Exchange
Market for Dynamic Operating
Envelopes

Addressing the exchange capability of the thesis, this chapter
introduces SeculLEx, a continuous market mechanism for DOEs.
Moving beyond rigid, non-transferable capacity limits, this frame-
work allows participants to buy and sell network capacity while
mathematically guaranteeing real-time operational security un-
der the direct current approximation. By bridging fair initial
capacity allocation with market-driven reallocation, this chapter
completes the proposed toolkit for integrating DERs.

4.1 Introduction

Managing real-time power fluctuations in distribution networks is a signifi-
cant operational challenge, for which different control strategies have been
proposed in the literature. ANM allows system operators to dynamically
curtail PV injections, coordinate flexible loads, or schedule DERs to reduce
the stress on the grid [53]. Building on these ANM principles, specific strate-
gies such as controlled EV charging [54] have been developed to enhance
network hosting capacity (HC) and avoid extensive grid reinforcement, com-
plementing traditional approaches like targeted infrastructure upgrades [55].
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However, ANM methods face practical limitations in computation scalabil-
ity and adaptability in networks with high DER penetration and limited
observability [56].

To address the computational burden of ANM, the concept of DOEs has
emerged as a potential solution. DOEs are power limits on customer in-
jections and withdrawals designed to guarantee network security [57]. By
computing these boundaries ahead of time, the DOE framework decouples
network optimization from real-time execution. Various methods have been
proposed for DOE computation, with a particular focus on fairness. Au-
thors in [58] developed a dynamic approach for assigning export limits to
PV devices, explicitly considering network constraints and fairness. Authors
in [59] proposed an MILP formulation to compute customer-specific limits
that balance network feasibility and fairness. Similarly, [60] proposed a day-
ahead stochastic optimization framework for computing fair PV limits using
a linear approximation of the AC power flow model. More recent works have
considered probabilistic and robust envelope construction to account for the
uncertainties in DER generation and load forecasting [61, 62]. While these
centralized approaches ensure network security and fair allocation, they treat
DOE:s as fixed and non-transferable, limiting the ability to fully leverage the
network’s flexibility under high DER penetration.

In parallel to such control or predictive approaches, market mechanisms
have emerged as tools for coordinating DERs in distribution systems. Local
energy markets (LEMs) enable peer-to-peer (P2P) trading of energy, facil-
itating localized balancing and reducing reliance on central infrastructure
(63, 64]. Similar works explore market-clearing mechanisms that incorpo-
rate voltage and network constraints directly into auction models [65], or
game-theoretic frameworks to manage uncertainties in networks with high
integration of DERs [66]. Despite these advancements, existing market mech-
anisms are almost exclusively designed for trading energy (kWh) rather than
physical network capacity (kW), and their potential for DOE allocation has
found limited application so far. Recent works have begun bridging this gap.
Authors in [67] proposed a market-based mechanism to manage injection con-
gestion, and [68] explored DOE-integrated cooperative energy trading with
fair allocation. These contributions highlight the potential of market-driven
DOE management but stop short of providing a unified framework for secure
limit exchange.

This chapter presents SeculLEx, a novel market-based framework that en-
ables customers to trade their DOEs while ensuring network security. Unlike
existing static approaches, SecuLEx provides a framework through which
customers can reallocate limits according to their needs, offering a possible
improvement in the use of existing network capacity. The main contributions
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of this work are the following;:

e We propose an initial DOE allocation mechanism based on lexico-
graphic max-—min optimization that maximizes envelope sizes, ensures
fairness across customers, and guarantees secure network operation.
This allocation provides limits before market exchanges.

e We propose a market mechanism for trading portions of DOEs. The
mechanism includes ¢) a definition of orders for buying and selling lim-
its, 71) a market-clearing optimization that maximizes social welfare
while enforcing network security constraints, and i) a settlement rule
determining the limits of transfers between participants.

The rest of the chapter is organized as follows. Section 4.2 presents the
mathematical foundation for grid operation using DOEs, including network
representation, DOE definitions, security verification mechanisms, and DOE
allocation. Section 4.3 introduces the SeculLEx market organization, cov-
ering temporal market structure, order specifications, and the clearing and
settlement mechanisms. Section 4.4 provides a concrete implementation and
illustration of SecuLLEx for a radial LV network. Section 4.5 discusses key de-
sign choices and limitations of the proposed approach. Section 4.6 concludes
the chapter and outlines future research directions.

4.2 Grid operation with envelopes

This section establishes the mathematical foundation for operating distri-
bution networks using DOEs. Section 4.2.1 presents the network model.
Section 4.2.2 formalizes the concept of DOEs. Section 4.2.3 introduces the
security verification function that checks network security under the given
DOEs. Section 4.2.4 formulates the optimization for DOE allocation.

4.2.1 Network representation

An electrical network is modeled as a directed graph, denoted by & = (N, £),
where N represents the set of nodes and £ C N x N represents the set of
directed edges. Each node n € N corresponds to a network component, such
as a transformer or a customer. Each edge e € £ establishes a connection
between two nodes of the set A/ and is commonly referred to as a line. The
orientation is arbitrarily fixed by convention to simplify later modeling.
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Network constraints

Each node n € N has an associated voltage V,, € C, and V & CW! is the
voltage vector composed of the voltages at each node n € N. The voltage
magnitude at each node n € N must satisfy the voltage magnitude constraint
V<V, < V, where V,V € R, are the minimum and maximum allowable
voltage magnitudes. Similarly, each line e € £ has an associated current
flowing through the line I, € C, and I € C¢l is the current vector composed
of the current flows at each line e € £. Each line e € £ must satisfy the
current magnitude constraint |I,| < I, where I € R, is the maximum current
allowed through a line.

Customers’ power usage

Let C C N be the set of customer nodes, i.e., nodes where power is withdrawn
or injected. Let S. = P. + jQ. € C denote the complex power consumption
of ¢ € C, composed of an active part P. € R and a reactive part (). € R.
By convention, positive power values correspond to withdrawal and negative
values to injection.

4.2.2 DOEs definition

The DSO assigns DOEs, specifying the upper and lower limits of active
and reactive power each customer is allowed to consume. These limits are
dynamic, meaning that they can change over time, e.g., through trading or
through a reallocation imposed by the DSO. When all customers respect
their limits, the network is guaranteed to operate within secure voltage and
current limits. DOEs are specified by the complex matrix L of dimension
|C| x 2, defined as:

Sl g]_

L=[5,5]= (4.1)

§|C\ gICI

where S, = P_.+j Qc and S, = P.+jQ, represent the lower and upper limits
for customer ¢ € C. We write S = P + jQ € L when P and ) both respect
the bounds defined in the DOE matrix for each customer.

4.2.3 Security verification function

To ensure secure network operations, we introduce a verification function
VerifyLimits that determines whether a given DOE allocation preserves
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network security. The function returns a non-positive value if and only if the
limit matrix L ensures secure operation:

{Vem'fyLimits(@, L)<0 VSeL:® issecure, (4.9)
VerifyLimits(®,L) >0 otherwise.
Evaluating this function requires solving the power flow:

V, 1 = PowerFlow(®, S) VS e L, (4.3)

and verifying that the voltage limit V. < |V| <V and current limit || < T
are respected VS € L.

4.2.4 DOEs allocation

DOE allocation is formulated as a constrained optimization problem that
maximizes network utility while guaranteeing secure operation for any power
profile within the assigned limits. This optimization problem is formulated
as follows:

max U(L), (4.4a)
s.t. VerifyLimits(®,L) <0, (4.4b)

where U is a general utility function representing the DSO’s objective, such as
maximizing customer flexibility, fairness, or system efficiency. The function
Veri fyLimits ensures that, for all power injections within limits, the network
remains within secure operational boundaries.

4.3 SecuLEx market organization

This section presents the market framework that enables customers to ex-
change their DOEs. Section 4.3.1 defines the temporal organization of trading
periods. Section 4.3.2 specifies the order structure and book management for
buy and sell requests of envelope portions. Section 4.3.3 introduces the clear-
ing mechanism and Section 4.3.4 the settlement function that determines the
money exchanges between customers.

4.3.1 Limit market temporal operation

In SecuLEx, DOEs are assigned in advance for future time periods, called
products. For example, the DSO may assign limits one day in advance for
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all hour intervals of the following day. A product is identified by its starting
time t € T (e.g., T = {00:00,01:00,02:00,...,23:00} for 24-hour intervals
in a day). For each product ¢ € T, the exchange window opens immediately
after the DOE assignment and closes shortly before the corresponding time
period. This allows participants to adjust their limits to reflect updated
forecasts or preferences.

Figure 4.1 illustrates the temporal structure of a single product: the DSO
assigns DOEs, the continuous exchange window opens, the order book fills,
and trading continues until market closure just before real-time operation.

i
DOE Qﬁb\ Order Market Updated DOE
assignment Q2 book clearing DOEs assignment
L (0] (0} L' L
P Vo4 ) | ) ) ) ) ) ) ) Vo4 ) |
Day: D-1 Day: D Products (l};eal!attillgﬁ Day: D+1
Market Trading time Market
opens closes

Figure 4.1: Timeline illustrating the sequence from the initial DOE assign-
ment by the DSO to the closing of the continuous exchange window just
before the operating period.

4.3.2 Orders and order book

Customers participate in the market by submitting orders to buy or sell por-
tions of their assigned injection and withdrawal limits. A buy order reflects
a desire to increase capacity: customers may request additional upper lim-
its to gain withdrawal capacity, or additional lower limits to gain injection
capacity. On the contrary, a sell order signals a willingness to sell unused
capacity in exchange for financial compensation. Formally, each order o is
defined as the tuple:

o = (id, ¢, type, bound, power, A, w, t), (4.5)
where:
e id € N is a unique identifier,
e c € C is the customer submitting the order,

e type € {buy, sell} distinguishes demand from supply,
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e bound € {lower, upper} indicates whether the order concerns the lower
or upper limit of the DOE,

e power € {active, reactive} is the nature of the change,

e A € R, is the requested change in limit (kW or kVAR).
e 7 € R is the offered price (€/kW or €/kVAR),

e ¢t € T is the target time period (i.e., product time),

Orders are stored in the order book O, which we formalize as the set of order
identifiers. We define S and B as the sets of identifiers for the sell and buy
orders. Similarly, £ and U are the sets of identifiers for orders on lower and
upper limits.

4.3.3 Clearing function

Given the limit matrix L and the order book O, a market operator clears the
market by matching buy and sell orders. The clearing process determines
which orders are accepted and updates both the DOE limits and the order
book accordingly. This process is formalized as:

L', O = Clear(L,0), (4.6)

where L/ is the updated limit matrix reflecting all accepted orders and O’ is
the updated order book containing unmatched and partially matched orders.
The updated limit matrix L' must preserve network security:

VerifyLimits(&,L") <O0. (4.7)

We assume the market operator clears orders instantaneously and publishes
updated DOEs immediately, enabling continuous trading and real-time ad-
justment of operating limits throughout the trading window.

4.3.4 Settlement function

Once orders are executed and limits updated, a settlement process determines
the financial compensation for each customer. We define the settlement func-
tion as:

I = Settlement(L, L', 0, 0"), (4.8)

where IT € Rl is the resulting payment vector composed of the price com-
pensations II. for each customer ¢ € C. A positive II. indicates a payment by
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the customer ¢ € C, and a negative II. indicates a payment to the customer
cel.

Similarly to the clearing function, we assume that the settlement is com-
puted instantaneously after clearing and that the payment is due to the
market operator.

4.4 Concrete implementation of SecuLEx

This section provides a practical implementation of SecuLEx that achieves
computational efficiency while providing limits that maintain network se-
curity under DC power flow approximation. Section 4.4.1 describes a fair
DOE allocation mechanism. Section 4.4.2 describes a computationally effi-
cient clearing mechanism for maximizing social welfare while ensuring trades
preserve network security. Section 4.4.3 provides an illustrative example.

4.4.1 Grid operation implementation

Security verification function

Without additional assumptions, the security verification function in Eq. 4.2
requires solving a power flow for each S € L and verifying that the voltages
and currents respect the security constraints.

In this implementation, we consider a radial network and adopt a DC
power flow approximation of the power flow Eq. 4.3. In this approximation,
voltages take constant real values, and the complex parts of currents and
powers equal zero. Security is then expressed as constraints on the active
power flow through lines, rather than voltage and current constraints. DOEs
are also reduced to limits on active power and L = [P, P]. Under these
assumptions, we prove in Appendix 4.A that the security verification function
in Eq. 4.2 simplifies to confirming that the network & remains secure only
for the two boundaries, P and P, of the DOE matrix:

{Vem'fyLimz’ts(@, L) <0 if & secure for both P and P; (4.9)

VerifyLimits(®,L) > 0 otherwise.

DOE allocation

We assume that the DSO wants to maximize the envelope sizes while guar-
anteeing fairness, in the sense that the size of the smallest envelopes is maxi-
mized first. Such a multi-objective function can be formulated as a (complex)
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maximum utility problem as in Eq. 4.4, which eventually corresponds to solv-
ing the following (simpler) lexicographic max-min optimization problem [69]:

lex max min |P, — P,| Ve e, (4.10a)
st. P < p o< pgur Ve eC, (4.10b)

PE <P, < PO veeC, (4100

P <P, Ve eC, (4.10d)

L.=[P., P/ Ve e C, (4.10¢)
VerifyLimits(®,L) <0. (4.10f)

The parameters P 8% P *"™ denote minimum guaranteed withdrawal /injection

—= contr

limits, while P P,

ment capacity.

denote the contractual extrema based on equip-

Despite its complex appearance, the problem in Eq. 4.10 can easily be
solved by successively maximizing the size of the smallest envelope that can
still be enlarged. Let C" C C be the set of customers whose envelopes are
already fixed to [Bz,,ﬁz,], for all ¢ € C'. New envelopes are iteratively
computed by solving:

max  w, (4.11a)
st. PO <P o< pE Ve ¢ C, (4.11b)
PEM <P, <P Ved C, (4.11c)

P =P Veel, (4.11d)
P.=P, Veel, (4.11e)

P <P, Ve e C, (4.11f)
w<P,—P, Ve ¢ O, (4.11g)

L.= [P, P, Veel, (4.11h)
VerifyLimits(®,L) <O0. (4.111)

The solution to the optimization problem is the DOE matrix L* and
the width w*. The customer(s) for which the constraint Eq. 4.11g is tight,
i.e., P. — P* = w*, have their envelopes fixed at the current values L =
[P*,P.]. These customers are added to C’, and the procedure repeats until
all customers have been assigned fixed envelopes.
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4.4.2 SecuLEx market implementation

Clearing function

The clearing function implements a centralized market where orders are ac-
cepted to maximize the social welfare. Here, accepted orders lead to updated
envelopes that are constrained by the security verification function. Assum-
ing orders can be partially cleared, we compute for each order o € O = BUS
the accepted quantity a, by solving:

max Z Thap — Z sy, (4.12a)

beB SES
st. 0<aqa, <AP, Yo € O, (4.12b)
P, =P, + Z as — Z ap Ve eC, (4.12¢)
seSNL: beBNL:
cs=c cp=c
ﬁ;:ﬁc— Z as + Z ap VeeC, (4.12d)
SESNU: beBNU:
Cs=C cp=cC
P <P, Ve e C, (4.12e)
L' =[P P], (4.12f)
VerifyLimits(®,L") <0. (4.12g)

Solving this optimization problem provides the updated secure limits L’ and
the updated order book ' containing the uncleared quantities.

Settlement function

Orders are settled on a pay-as-bid settlement mechanism. Each customer’s
total payment equals the sum of their individual order payments, where each
order payment is the order price multiplied by the cleared quantity:

II, = Z ayTy — Z AT . (4.13)

beB:cp,=c sES:cs=c

The pay-as-bid settlement leads to a surplus that equals the social welfare
SW and that is captured by the market operator:

SW = ZHC = Zwbab — Zﬁsas. (4.14)

ceC beB sES
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4.4.3 Illustrative example

This section illustrates SeculLEx on a simple radial LV distribution network.
The illustration follows the temporal structure outlined in Fig. 4.1, consid-
ering the DOE assignment on Day D — 1 for a single period of one hour
(12:00-13:00 on Day D), with continuous market operation starting at DOE
assignment until real-time (12:00). We present a scenario with congestion
and demonstrate the value of SecuLEx compared to alternative management
strategies.

The network is represented by the graph & = (N, &), with nodes N' =
{T, B, C;, Cy, C3, C4} corresponding to a transformer 7', an intermediate
bus B, and four representative customers. Each customer is connected to
the bus B that is supplied by the transformer 7. The interconnections are
represented by the edges € = {(T, B), (B,C4), (B,Cy), (B,Cs), (B,Cy)}.
The transformer must operate below 60kW, which translates to a security
constraint limiting the power flowing through (7, B) to 60kW.

Let us consider that during the day, customers have estimations of their
future consumption for the midday period. Customers have the following
installations, expected consumptions for that period, and known electricity
prices:

e (] is a load-only: net withdrawal 8kW. They pay 0.15€ /kWh.

e (5 has a PV installation: net injection 21kW. They pay 0.16€/kWh
for withdrawal and get paid 0.06€ /kWh for injection.

e (5 has a PV installation: net injection 26kW. They pay 0.15€ /kWh
for withdrawal and get paid 0.04€/kWh for injection.

e (; has a PV-battery installation: PV production of 24kW, battery
capacity of £10kW and discharging by 6kW; net injection 30kW. They
pay 0.15€ /kWh for withdrawal and get paid 0.02€ /kWh for injection.

In this scenario, at midday, there is an expected reverse power flow from
the customers to the transformer of 69kW. The magnitude of this power flow
exceeds the transformer’s 60kW limit, causing congestion, as shown in Fig.
4.2.

Let us compare the outcome depending on the congestion-management
scheme of the DSO, assuming that the expected customer consumption is
realized at midday.
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max power: 60kW

\

power flow: 69kW

-30kW

Figure 4.2: Baseline situation where the reverse power flow (69kW) exceeds
the transformer limit (60kW), causing congestion.

No control

In this scenario, the DSO takes no action. Without intervention, the line
(T, B) is overloaded by 9kW. This causes a security issue; while sustained
lower levels of overload accelerate equipment aging, higher levels can acti-
vate protective mechanisms, potentially leading to line disconnection and
customer disruption at the cost of the DSO.

Centralized ANM

This case represents a traditional management scheme where the DSO reacts
in real-time when the problem is emerging. The DSO issues curtailment
commands to eliminate the overload, but cannot control customer batteries
(no contractual access).

Let us assume that the DSO takes the minimal corrective actions to guar-
antee security and curtails PV generation equally across Csy, C5, and C; until
the limit is respected. Thus, the total curtailed PV is 9kW, equally divided
over the three customers injecting power, and the transformer operates se-
curely at 60kW. Curtailment leads to an opportunity loss of 3 - 0.06 + 3 -
0.04 +3-0.02 = 0.36€.
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Static envelope assignment

In this case, the DSO assigns static envelopes one day ahead (Day D — 1),
solving the lexicographic max-min allocation from Eq. 4.10. Here, the se-
curity verification function is implemented relying on linearized (DC) power
flow equations as discussed previously, leading to the simplified implementa-
tion of Eq. 4.9.

An optimal envelope allocation is:

Ll - [07 15]7 L2 = [_207 15]7
Ly = [-20,15], L, = [-20,15].

Customers are curtailed in case of envelope violation, guaranteeing secure
and distributed real-time operation.

At this stage, customers without flexibility have no alternative to cur-
tailment. Nevertheless, customers with available flexibility may decide to
adapt their consumption pattern, knowing the conditions of curtailment.
This choice is driven by the balance between the opportunity loss due to cur-
tailment and the cost of changing the schedule, i.e., the expected reduction
of the profit from strategically charging and discharging the battery during
the day.

We consider two cases, depending on Customer Cj:

e Customer Cj evaluates that changing the battery schedule may be too
expensive, considering their low opportunity loss. The customer main-
tains their planned discharge, resulting in a net injection of 30kW,
which violates their envelope and triggers 10kW of curtailment. Com-
bined with curtailment from other customers, the total curtailment
reaches 17kW during one hour, leading to an opportunity loss of 1 -
0.06 +6-0.04 + 10 - 0.02 = 0.50€.

e Customer C} anticipates curtailment and charges their battery with
4kW instead of injecting power, remaining within their assigned limit
with a net injection of 20kW. The total curtailment is 7kW during one
hour and leads to an opportunity loss of 1-0.06 + 6 - 0.04 = 0.30€.

In this scenario, as customers know their limits, they are incentivized to
use their flexibility. Nevertheless, static envelopes are conservative and may
result, in this case, in greater curtailment compared to the centralized ANM,
which only responds to the actual congestion observed in real-time.
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DOE with SecuLEx

Starting from the DOE allocation above, market participants can submit
orders to buy/sell portions of their envelopes. In theory, this exchange is
driven by their expected future energy usage and corresponding cost.

In an ideal market, each customer should submit orders to maximize
their expected future profit. It includes minimizing the expected costs that
may result from future curtailment, optimizing the consumption schedules
depending on the hourly costs of energy, and maximizing the expected rev-
enues from selling unused parts of their envelopes. In the hypothetical case
where customers have known and inflexible future consumptions, they should
ask for additional limits to avoid curtailment at the incurred marginal cost
and bid unused limits at zero marginal cost. Customers with flexibility fur-
thermore submit orders to also optimize their consumption schedules. In
practice, uncertainty about future consumptions, market inefficiencies, and
speculation are reflected in prices and volumes.

Let us illustrate the trading incentives in this context:

e Customer (] is expecting to withdraw power from the network, and
we assume they are not interested in entering the market. It may be
considered a market inefficiency or may be due to the need for flexibility
within their current envelope.

e Customer Cj is expecting curtailment of 1kW during one hour, leading
to an opportunity loss of 0.06€. The customer thus offers to buy 1kW
of lower limits at the price of 0.03€/kW.

e Customer C} is expecting curtailment of 6kW during one hour, leading
to an opportunity loss of 6 - 0.04 = 0.24€. The customer offers to buy
6kW of lower limits at the price of 0.02€/kW.

e Customer C} is expecting curtailment of 10kW during one hour, leading
to an opportunity loss of 10 - 0.02 = 0.20€, if they discharge their
battery. On the one hand, the customer could ask 10kW additional
lower limit to avoid curtailment. On the other hand, expecting that
lower limits are going to be scarce on the market, they can decide to
exploit their battery’s flexibility to charge the battery by 10kW. Then,
the customer respects its DOE and may even bid 6kW of lower limit.
Assuming this situation occurs, the order price should reflect the cost
of rescheduling the battery and is assumed to be 0.02€ /kW.

All corresponding orders are represented in Table 4.1.
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Table 4.1: Initial order book.

ID Customer Type Bound Price [€/kW] Quantity kW]

1 Cs Buy Lower 0.03 1
2 Cs Buy Lower 0.02 6
3 Cy Sell Lower 0.02 6

Providing this order book, the market-clearing algorithm of Eq. 4.12 can
be executed and yields the following updated limits:

L, = [0,15], L, = [-21,15],
Lj = [—25,15), L, = [-14,15)].

The exchange between consumers and new envelopes corresponds to a
complete clear of orders from Customer C; and Customer Cy, and a partial
clear of the order from Customer C3. The updated order book corresponds
to the uncleared orders and is represented in Table 4.2.

Under the pay-as-bid principle, Customer Cs pays I, = 1-0.03 = 0.03€,
Customer C5 pays IIg, = 5-0.02 = 0.10€, and Customer C}y is paid —Ilg, =
6 -0.02 = 0.12€. The social welfare SW = 0.01€is captured by the market
operator, as a regulated fee to reduce tariffs or reinvest in the grid.

Table 4.2: Updated order book.

ID Customer Type Bound Price [€/kW] Quantity kW]

2 Cs Buy Lower 0.02 1

Customers may submit additional orders as their consumption forecasts
evolve, continuing until the market closure, where DOEs are frozen. Let
us consider that no additional exchange materializes and that the expected
consumptions and injections are realized in real-time. Customer Cj is the
only customer with excess injection and is curtailed by 1kW. The market has
created incentives for exploiting flexibility, and Customer C; has adapted its
behavior to absorb some of the PV production, leading to smaller curtail-
ment.

Summary

Table 4.3 summarizes the performance of the different management schemes.
As discussed previously, SecuLEx incentivizes the use of flexibility without
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requiring real-time centralized operation, leading to the lowest curtailment,
highest renewable utilization, and market social welfare.

Table 4.3: Comparison of management approaches.

Metric No Control ANM Static envelopes SecuLEx
Curtailment [kW] 0 9 17or 7 1
Renewable utilization [%] 100 87 76 or 90 99
Security violation Yes No No No
Incentivizes flexibility No No Partial Yes
Market social welfare [€] / / / 0.01

4.5 Discussion

SecuLEx represents a change in network operation in two fundamental re-
spects. First, it moves from operation strategies in reaction to security issues,
such as ANM, to forward planning of envelopes that guarantee security under
the adopted linear modeling framework. Second, it introduces market-driven
coordination that allows responsiveness to real-time system conditions and
customer preferences. This section reflects on technical aspects of the imple-
mentation and economic implications related to SecuLLEx.

4.5.1 Technical and computational challenges

Computational scalability

The initial envelope allocation and order clearing both require solving opti-
mization problems, respectively, problem Eq. 4.10 and Eq. 4.12. In practice,
the first problem requires solving one optimization program per customer,
where the number of variables and constraints scales linearly with the num-
ber of customers. In the second problem, variables and constraints scale
linearly with the number of orders. As the number of participants and or-
ders grows, solving these optimization problems may become computation-
ally prohibitive. This could necessitate reconsidering the continuous clearing
mechanism or resorting to heuristic approaches that trade optimality for
tractability.

Network security verification

In Appendix 4.A, we show that, for radial network topology and DC power
flow, the problem reduces to verifying security only at the DOE boundaries.
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This simplification may not hold for networks with large losses, in meshed
topologies, heavily loaded feeders, or cases with advanced reactive power con-
trol. In these cases, ensuring security when solving optimization problems
Eq. 4.10 and Eq. 4.12 may become intractable in practice. Possible resolu-
tions include using convex approximations of the AC power flow, where sim-
ilar simplified resolution techniques exist [70, 71|, or evaluating constraints
with high probability through sampling-based approaches. Depending on the
simplification and approximation used in practice, security guarantees may
be lost for some real-time operation conditions [71].

4.5.2 Economic and market design implications

Initial DOE allocation

The initial DOE allocation in SeculLEx is achieved by solving the lexico-
graphic max-min problem in Eq. 4.10. It implements an egalitarian rule,
where the sizes of the smallest envelopes are maximized first. Beyond the
technical challenges discussed previously, the uniqueness of the solution is
not guaranteed, and the fairness requirement may lead to inefficient opera-
tion. Typically, envelopes may be small due to blocking consumers, or may
be unrelated to the effective energy needs. Alternative allocation rules exist
to deal with such problems, including allocation for maximum total network
utilization, priority allocation favoring certain customer classes (e.g., critical
loads), or market mechanisms that maximize social welfare through an auc-
tion for initial DOEs [61, 68]. Similarly, we maximize the size of envelopes,
measured in kilowatts. Alternative objectives may account for relative sizes
depending on the nominal consumption of nodes or use different metrics to
quantify the sizes of DOEs.

Market choices

SeculLEx implements a continuous market. First, by definition, continuous
markets clear orders instantaneously and continuously when they arrive. It
allows for fast reallocation depending on evolving needs and is thus the best
choice when operating close to real time under high uncertainty. It neverthe-
less requires intensive customer involvement, e.g., compared to single-auction.
In addition, fast clearing may be difficult in practice due to computational
delays. Second, continuous markets often implement a pay-as-bid settle-
ment. This choice originates as the process does not provide an aggregated
market price. It may, in practice, lead to allocation inefficiency and gaming
opportunities compared to uniform or Vickrey pricing [72].
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Market efficiency and liquidity

In principle, markets allow optimal allocation, but inefficiencies are possi-
ble. Typically, too few participants may be involved, resulting in limited
liquidity and price volatility. Alternatively, participants with high flexibility
could exercise market power through strategic bidding or withholding limits.
Moreover, this work assumes zero transaction costs, while in real markets
significant overheads (e.g., fees, communication, and administrative costs)
exist. These can erode the benefits of small-scale trades and further reduce
liquidity.

Regulation and surplus treatment

Implementing SeculLEx in practice requires, on the one hand, guaranteeing
independence of the market operation and, on the other hand, guaranteeing
non-discriminatory network access [73]. Concerning market independence, it
requires introducing a market operator distinct from the DSO, together with
clear regulation. This aspect is largely neglected in this work. In addition,
we discussed that market inefficiencies may lead to discriminatory network
access, which shall be controlled by an independent observer in practice.
Finally, in its current form, SeculLLEx leads to a market surplus. Regulation
should ensure that it is used to reduce tariffs or reinvest in the grid and avoid
providing incentives to under-invest in infrastructure.

4.6 Conclusion

This chapter addressed the third and final capability (exchange) by an-
swering RQ3 (How can dynamic operating envelopes (DOEs) be translated
into tradeable capacity products within a local flexibility market while pre-
serving network security?) introducing Secure Limit Exchange (SeculEx),
a market-based paradigm in which DSOs allocate initial DOEs that define
limits on power injection and withdrawal. Customers can subsequently ex-
change these limits through market transactions while preserving network
security constraints. We formulated the DOE allocation and market-clearing
problems as tractable optimization problems under DC power flow and radial
network assumptions, and proved that security can then be efficiently veri-
fied. In our illustrative LV network example, DOE trading showed potential
for reducing renewable curtailment and improving network utilization and so-
cial welfare relative to alternative management schemes. Overall, SeculLEx
shows the potential that envelope trading can extract more value from ex-
isting infrastructure and provide incentives for flexibility without requiring
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central control. Scalability to larger and more complex network systems, ex-
tending the framework beyond the simplified DC power flow model to a more
realistic AC model that can accurately manage voltage levels and reactive
power, alternative allocation and pricing rules, and the regulatory treatment
of market social welfare, remains an important direction for future work.

The SeculLEx framework complements the proposed set of building blocks
for the DSO to see, balance and exchange network capacity. However, shift-
ing from mathematically sound algorithms to commercial solutions presents
barriers that lie outside the scope of optimization theory. The next chapter
performs a multidimensional analysis of the aspects that currently restrict
the real-world adoption of TSO-DSO coordination.

4.A Security function proof

This appendix provides proof that, under radial network and DC assump-
tions, branch currents are monotone non-decreasing and node voltages are
constant as a function of customer consumption. As a result, if the system is
secure at the two extreme points of the DOE matrix, it is also secure for ev-
ery power respecting the limits. We employ a similar strategy to the authors
in [74], who proved voltage monotonicity with respect to active and reactive
power, and extend it to current.

Network description As described in Section 4.2.1, we model a distribu-
tion network as a graph & = (N, €) with nodes N, edges £, and customers
C C N. The radial topology ensures the existence of a unique root node
r € N representing the substation or transformer connecting the feeder to
the upstream grid. We subsequently assume that edges are oriented from
root to leaves. For each node n, we define the set of downstream nodes D,,
as the set of nodes m for which the unique path from m to r passes through
n.

Each edge e € £ has an associated resistance R. and reactance X.. We
denote by I, the line current, by P, the active power flow, and by Q. the
reactive power flow. To each node n € N corresponds an active power
consumption F,, and we denote by V,, the voltage magnitude.

Customer power limits are represented by the matrix L = [P, P] € RICIx2
where [P,, P.] are the bounds for each customer ¢ € C. The function
VerifyLimits(®,L) checks that the network is secure for all P € L.

Assumptions We make the following assumptions on the network topol-
ogy and physics linking electrical values.
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A1 Radial topology. The network graph is a tree.

A2 DC load flow. Balanced steady-state, with unity and flat voltages
(Vne N :V, =V, =1p.u.), lossless lines (Ve € £ : R, = 0), and no
reactive power (Ve € £ : Q. = 0).

Theorem 4.1 (Monotonicity of current). Under Assumptions A1-A2, the
branch current 1. is a monotone non-decreasing function of consumption P.:

ol
>0
oP. — 7

Proof. Under assumptions A1l and A2, the active power flowing in each
branch e € &£ respects the balance:

P.=) P. (4.15)

Ve € £, Ve eC.

keD.

Furthermore, in each branch e € &:
L-21p (4.16)
e — V; e- .

Combining Eq. 4.15 and Eq. 4.16, we obtain the relationship between the
branch current and power consumption:

1
I, = 7 (kezp Pk> . (4.17)

Let us differentiate the current with respect to any downstream node n € D,:

ol 1 0 1
= — = —>0. .
55 = V3P, (§ Pk> 720 (4.18)

k€De

Let us differentiate the current with respect to any other node n ¢ D, that
is not the root 7:

ol
=0. 4.19
9P, (4.19)
The branch currents are therefore monotone non-decreasing with respect to
any consumption. O

Theorem 4.2 (Boundary check constraints using monotonicity). Under As-
sumptions A1-A2, for any L = [P, P] € RI™2if both current and voltage
security constraints are respected for P and P, then the security constraints
are also respected for each P € L.

78



SecuLEx 4.A. SECURITY FUNCTION PROOF

Proof. Under assumptions A1 and A2, the voltage at each node is constant.
Therefore, if the voltage security constraints are respected for one power
profile, they are respected for each power profile.

Under assumptions A1 and A2, Theorem 4.1 holds, and each branch
current I, is a monotone non-decreasing function of all customer consump-
tions. This implies that the maximum current and minimum current (i.e.,
maximum negated current) as a function of P over the domain P € L is
achieved either at P or at P. Therefore, if the current security constraints
are respected for P and P, then they are also respected VP € L. ]

According to Theorem 4.2, the VerifyLimits function can be imple-
mented as a function verifying that security is ensured at the two DOE
boundary profiles P and P. This makes the verification computationally
efficient while guaranteeing security under the DC approximation.

Remark 4.1. The result can be understood geometrically: under Assumptions
A1l and A2, branch currents are linear functions of nodal injections. The
set of admissible power profiles L therefore forms a hypercube in R, and a
linear function over a hypercube attains its extremes at the vertices. Theorem
4.2 shows that the current in each branch depends monotonically on each
coordinate, so the maximum and minimum are attained at the two vertices
P and P (all customers withdrawing or injecting). Security verification thus
reduces to checking these two extreme profiles, rather than all 2/°l vertices.
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Chapter 5

A Multidimensional Analysis of
Existing Limitations for TSO-DSO

Coordination

This chapter establishes the broader operational and regulatory
context driving the need for an active DSO. By introducing a mul-
tidimensional framework, it evaluates existing literature and real-
world pilot projects regarding transmission and distribution coor-
dination. The conceptual analysis suggests that while academia
focuses heavily on complex modeling, the actual bottlenecks to
commercial deployment may lie in communication infrastructure,
validation at scale, and regulatory alignment.

5.1 Introduction

The transition to ANM does not end at the DSO’s boundary. Regulation
increasingly places these capabilities within a coordinated TSO-DSO frame-
work, where the distance between theoretical methods and commercial de-
ployment becomes measurable.

The existing literature proposes a wide range of coordination paradigms
(e.g., centralized, decentralized, and hybrid) and technical approaches (e.g.,
joint planning processes, local markets, aggregators, operational envelopes)
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to reconcile the differing objectives and operational timescales of TSOs and
DSOs [75, 76]. However, despite the several theoretical studies, few im-
plementations have been applied to real-world networks. This discrepancy
suggests that the barriers to deployment may not be primarily technical, but
that the bottlenecks may lie in non-algorithmic constraints that are over-
looked in academic work.

The main contributions of this chapter are the following: i) we identify
limitations of TSO-DSO coordination across five dimensions: modeling, op-
eration, validation, communication, and regulation; i) we introduce a scoring
methodology and apply it to several studies, mapping the current literature;
iii) we compare pilot and non-pilot studies, highlighting important dimen-
sions in real-world implementations.

The remainder of the chapter is structured as follows. Following this intro-
duction, Section 5.2 describes the multidimensional framework and presents
an analysis of the limitations within the current literature. Section 5.3 intro-
duces the pilot and non-pilot categorization and presents an assessment using
the proposed scoring methodology. Section 5.4 analyzes why pilot projects
have not yet transitioned to commercial deployment. Section 5.5 discusses
the limitations of this work. Section 5.6 concludes the work by summarizing
key findings and proposing future research directions. Finally, the appendix
presents details on the review methodology and the scoring mechanism.

5.2 Assessment of coordination limitations
across five dimensions

To analyze deployment barriers, we structure the assessment around five
dimensions: modeling, operation, validation, communication, and regulation.
This approach extends the classification in [124] by explicitly incorporating
modeling assumptions and validation constraints alongside systemic factors.
We apply this multidimensional framework to evaluate the limitations of
existing TSO-DSO coordination approaches by analyzing 47 selected studies,
following the methodology detailed in Appendix 5.A. Table 5.1 details the
considered sub-dimensions, associated scoring criteria, and the distribution
of characteristics across the analyzed literature, pilot, and non-pilot studies.
For each characteristic, the table reports both the number of papers and the
corresponding percentage within each category.
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Table 5.1: Multidimensional scoring framework and distribution of character-
istics across the reviewed literature. Percentages are computed over the pa-
pers that propose coordination schemes; reviews, reports, and book chapters
are excluded from scoring. Row totals differ slightly across sub-dimensions
where a characteristic could not be determined from the paper and the entry
was left unscored.

Dimension Sub-dimension Characteristic Score  Total Non-Pilot Pilot
5 07 207
Tyansmission network DC formulation 0 29 (76%) 23 (77%) 5 (63%)
AC formulation 1 9 (24%) 7 (23%) 3 (37%)
- - -
Distribution network be formulat}lon 0 6 (16%) ° (170?) ! (130%)
Modeling AC formulation 1 32 (84?) 25 (83(/0) 7 (87%)
anced s 7 ) o
Phase balance Balanced system 0 31 (82%) 26 (87%) 5 (63%)
Unbalanced system 1 7 (18%) 4 (13%) 3 (37%)
n -1 200 4
Reactive power Not considered 0 11 (29%) 9 (30%) 2 (25%)
Considered 1 27 (711%) 21 (70%) 6 (75%)
Single timestep 0 12 (32%) 10 (33%) 2 (25%)
07 07 07
Temporal resolution Hours ! 18 (47%) 15 (50%) 3 (37%)
Minutes 2 5 (13%) 3 (10%) 2 (25%)
Operation Seconds 3 3 (8%) 2 (6%) 1 (13%)
Deterministic 0 20 (53%) 17 (57%) 3 (37%)
Uncertainty management  Scenarios 1 15 (40%) 10 (33%) 5 (63%)
Robust optimization 2 3 (8%) 3 (10%) 0
Small 0 18 (47%) 16 (54%) 2 (25%)
Network size Medium 1 11 (29%) 7 (23%) 4 (50%)
0, 0y 0,
Validation Large 2 9 (24%) 7 (23%) 2 (25%)
Not mentioned 0 1 (3%) 1 (3%) 0
Network type Standard test-case 1 22 (57%) 22 (74%) 0
Real network 2 15 (40%) 7 (23%) 8 (100%)
. <3 0,
Infrastructure Not considered 0 27 (69%) 27 (87%) 0
Considered 1 12 (31%) 4 (13%) 8 (100%)
1 G, 0y
Communication Data standardization Not considered 0 20 (74%) 29 (94%) 0
Considered 1 10 (26%) 2 (6%) 8 (100%)
. Not considered 0 22 (56%) 22 (71%) 0
Privacy
Considered 1 17 (44%) 9 (29%) 8 (100%)
Not idered 0 28 (72 28 (90% 0
Regulation incompatibility oF considered (72%) (90%)
Considered 1 11 (28%) 3 (10%) 8 (100%)
Not conside 24 ) 2 1(1
Regulation Objective alignment ot considered 0 (63%) 8 (T7%) (18%)
Considered 1 14 (37%) 7 (23%) 7 (87%)
H 07 07 07
Strategic behavior Not considered 0 30 (83%) 26 (93%) 4 (50%)
Considered 1 6 (17%) 2 (7%) 4 (50%)
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5.2.1 Modeling

This dimension evaluates the mathematical simplifications used to represent
power systems. Assessment focuses on network representation (AC or DC),
phase imbalance, and reactive power constraints.

The literature favors computational tractability over physical realism. At
the transmission level, linear DC formulations dominate, while distribution
networks are generally modeled using AC power flow. Beyond power flow
equations, the vast majority of studies assume balanced distribution systems,
often ignoring local constraints, which may lead to optimistic estimates of
available flexibility. The necessity of this computational trade-off is evident
in pilot projects. For example, in CoordiNet [112], a hybrid approach based
on simplified DC models is used for maintaining tractability during market
clearing and is followed by an AC power flow validation to ensure feasibility.

5.2.2 Operation

The operation dimension covers temporal granularity (ranging from a single
snapshot to sub-minute resolution) and stochasticity management.

There is a temporal mismatch between theoretical simulations and actual
grid operations. Most studies rely on hourly resolution, neglecting intra-
hour dynamics such as frequency deviations and rapid voltage variations
that are critical to system security. This coarse temporal representation fails
to capture the fast-acting nature of DER flexibility, limiting the ability to
assess its true operational value. Beyond temporal resolution, uncertainty
management remains insufficiently addressed, with most studies relying on
deterministic frameworks. Since DER generation and demand are inher-
ently stochastic, deterministic approaches risk producing overly optimistic
coordination schemes and potentially being infeasible under real operating
conditions.

5.2.3 Validation

Validation reflects the scale of the tested network, categorized as small (<500
nodes), medium (500-2000 nodes), or large (> 2000 nodes), and the test
network used (e.g., synthetic or real-world networks).

The literature primarily validates coordination schemes on small- or medium-
scale synthetic topologies rather than real networks. Real-world experiments,
such as the SmartNet project [108], encountered significant computational
limits when performing simulations of integrated TSO-DSO topologies at
scale, necessitating the development of simplified network representations to
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maintain tractability without sacrificing important physical characteristics
(82, 105].

5.2.4 Communication

This dimension identifies requirements for data exchange, digital protocols,
and privacy measures.

Although information and communication technology (ICT) is recognized
as the central nervous system of future smart grids, it remains comparatively
underexplored in much of the academic literature. Requirements for data
standardization and privacy compliance are largely ignored in theoretical
studies. Conversely, pilot projects like SmartNet [108] and PLATONE [110)]
frequently expose the inadequacy of existing data frameworks, often requiring
the deployment of supplementary IoT hardware and secure communication
protocols.

5.2.5 Regulation

The regulation dimension captures institutional constraints, including mis-
aligned incentives, regulatory incompatibilities, and strategic behavior.
Regulatory and market-related aspects are among the least addressed
dimensions, despite their importance for real-world implementation. In par-
ticular, TSOs and DSOs may compete for the same DERs, where actions
beneficial for transmission-level balancing can conflict with local distribution
constraints [125]. Existing frameworks, moreover, lack adequate incentives
for DSO participation [112, 117]: regulated tariffs compensate capital expen-
ditures (CapEx) but not the operating expenses (OpEx) required to procure
flexibility, which constitutes a structural barrier beyond technical design. Fi-
nally, strategic behavior is almost entirely neglected, and the assumption of
cooperative actors risks producing mechanisms vulnerable to manipulation.

5.2.6 Summary of research gaps

The multidimensional analysis highlights distinct patterns in how the litera-
ture addresses aspects relevant to TSO-DSO coordination deployment. For
modeling and operation, the field exhibits relatively low variance: most stud-
ies converge toward a common set of assumptions, including DC transmission,
AC distribution, balanced systems, reactive power consideration, hourly or
single-time-step resolution, and no uncertainty handling. In contrast, valida-
tion, communication, and regulation display notably higher variability, with
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aspects such as large-scale real-network validation, communication infras-
tructure, interoperability, and regulatory integration frequently omitted.

5.3 Pilots and non-pilots results

To bridge the gap between theory and practice, the analyzed literature is
partitioned into pilot projects and non-pilot studies. Following the scoring
methodology detailed in Appendix 5.A.2, each paper is evaluated across the
five dimensions and normalized to its maximum possible score. Figure 5.1
presents these average normalized results, utilizing 95% confidence intervals
(Cls) calculated via a Student’s t-distribution to correctly account for the
smaller sample size of pilot projects.

—— Pilot Operation

—— Non-pilot
95% ClI
ffffff Ideal

R Validation

Modeling |

Communication

Regulation

Figure 5.1: Average normalized scores across the five dimensions for pilot
and non-pilot studies.

Differences between pilot and non-pilot studies are negligible when con-
sidering modeling and operation dimensions. The overlapping Cls indicate
that both groups face similar trends in modeling physical systems and manag-
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ing temporal dynamics. This demonstrates that real-world implementations
do not necessarily rely on more advanced mathematical or operational rep-
resentations; instead, they operate under the same simplifying assumptions
and computational trade-offs as theoretical studies. Consequently, while im-
portant, modeling complexity has not emerged as a clear metric for differ-
entiating deployable approaches from academic ones. In contrast to these
shared technical challenges, substantial differences appear in the validation,
communication, and regulation dimensions. As visually pronounced in the
radar plot, the gap between pilots and non-pilots across these three axes is
significant. While simulation-based studies typically assume idealized infor-
mation exchange and simplified institutional environments, pilot projects are
forced to explicitly navigate data interoperability, stakeholder conflicts, and
regulatory misalignment.

This comparative analysis reveals a critical asymmetry in the literature:
although modeling and operational complexities are central to algorithmic
design, they are not the primary bottlenecks for deployment. Ultimately,
transitioning from theory to field implementation requires the research com-
munity to recognize these non-algorithmic constraints and shift priorities to-
ward validation at scale, communication infrastructure, and implementable
regulatory frameworks.

5.4 From pilot to commercial deployment

Although pilot projects score higher on validation, communication, and reg-
ulatory alignment, they still struggle to transition into widely deployed op-
erational systems. In particular, pilot projects exposed a range of frictions
that impacted their experiments. These include computational tractabil-
ity forcing simplified models; low-voltage visibility suffering from weak DSO
incentives; communication requiring far more engagement than expected;
market design suffering from illiquidity and fragmentation; and forecasting
errors undermining operations. Even in dimensions where pilots score rea-
sonably well by our metrics, that level of integration may still be insufficient
for robust, commercial deployment. For instance, no pilot in our review has
demonstrated long-term stability under high degrees of unbalanced loading,
sub-minute volatility, or widespread communication latency.

In summary, pilots demonstrate feasibility under controlled conditions,
not robustness against real-world variability. They remain intermediate tests,
and the gap to commercial deployment likely requires simultaneous advances
across all five dimensions, including those at which current practice may
appear mature.
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5.5 Discussion

The proposed multidimensional framework is intended as a diagnostic tool,
not an absolute metric of deployment readiness, and several limitations must
be acknowledged.

First, the analysis relies on peer-reviewed literature subject to publica-
tion bias. Successful methodologies are overrepresented, while operational
failures, for instance, the scalability limits of AC formulations on large real-
world networks, are rarely reported. Consequently, literature may underes-
timate the severity of practical deployment barriers, producing scores that
reflect a best-case scenario rather than the typical reality faced by system
operators.

Second, applying equal weights to all sub-dimensions assumes that a tech-
nical feature like three-phase unbalance carries the same operational weight
as a regulatory constraint. Moreover, the normalized scores are sensitive to
the choice and granularity of sub-dimensions, meaning that cross-dimensional
comparisons (“modeling is more advanced than communication”) are not
meaningful. Consequently, the relative scores across dimensions cannot be
directly compared without explicitly acknowledging that the current frame-
work captures a curated subset of sub-dimensions, rather than an exhaustive
list of all requirements for a commercial solution.

Third, several deployment barriers are not included in the five dimen-
sions. For example, emerging technical threats such as cybersecurity (e.g.,
false data injection, malicious intrusions) are omitted [126]. Furthermore,
experiences from system operators such as RTE and Enedis indicate that
effective coordination requires not only technical solutions but also an oper-
ational culture shift supported by dispatcher workflow integration [113, 114].
This socio-technical dimension is often overlooked in the literature. As a
result, achieving a perfect score in a given dimension (for example, a pilot
project that ticks all our communication sub-dimensions) may correspond to
fulfilling only a small fraction of actual real-world operational requirements.

Fourth, the five dimensions are not strictly orthogonal: regulatory re-
quirements on data privacy directly constrain communication architectures
[124], and modeling assumptions affect the tractability of large-scale vali-
dation. Because these dimensions are interconnected, a low score in one
area may restrict the progress of another, meaning that achieving real-world
deployment requires a coordinated, simultaneous advancement across all di-
mensions rather than isolated technical fixes.

Despite these limitations, the framework goes beyond a classical literature
review by providing a structured, visual, and quantitative analysis through
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which research assumptions can be compared against deployment conditions.
Rather than simply listing existing approaches, it explicitly highlights the gap
between theoretical development and real-world readiness, and offers a basis
for identifying where future research efforts are most needed.

5.6 Conclusion

This chapter answered RQ4 ( What are the primary limitations preventing the
transition of theoretical TSO-DSO coordination schemes to commercial de-
ployment?) by presenting a multidimensional analysis of existing TSO-DSO
coordination literature to identify the primary barriers limiting the transi-
tion from theoretical frameworks to real-world deployment. The analysis is
performed over five dimensions: modeling, operation, validation, communi-
cation, and regulation. The results reveal an imbalance in the literature,
highlighting a gap between conceptual research and pilot implementations.

Modeling and operation exhibit relatively low variability across the liter-
ature, with most studies converging toward similar assumptions. Validation,
communication, and regulation, in contrast, display notably higher variabil-
ity, with frequent omission of these aspects.

Moreover, the comparison between pilot and non-pilot studies further
refines this picture. Pilot projects address validation, communication, and
regulatory aspects more explicitly, while relying on modeling and operational
assumptions similarly to those adopted in academic studies. However, pilot
projects should not be interpreted as deployment-ready solutions. They rep-
resent an intermediate step to commercial implementation.

At the same time, the apparent convergence observed in modeling as-
sumptions should not necessarily be interpreted as full maturity of the field.
Current approaches rely on tractable formulations and simplified operational
settings, which may be limiting as coordination moves toward commercial
deployment with higher uncertainty, stronger coupling between transmission
and distribution networks, and faster operational timescales.

Overall, the proposed framework provides a structured way to identify
where deployment-oriented considerations remain underrepresented and to
compare how different studies address operational realism beyond purely
algorithmic performance. More broadly, the results suggest that progress
toward large-scale TSO-DSO coordination will likely depend on simultaneous
advances across all five dimensions.
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5.A Analysis methodology

This appendix provides the supporting methodological frameworks for the
study. Specifically, Appendix 5.A.1 details the literature review and paper
selection process, and Appendix 5.A.2 formalizes the scoring algorithm used
for the multidimensional analysis.

5.A.1 Literature search and selection process

This subsection presents the methodology used to evaluate TSO-DSO co-
ordination research papers and documents. The proposed framework is de-
signed to quantify the gap between algorithmic development and real-world
implementability.

Literature search strategy

the paper selection process follows a structured methodology, inspired by
the approach proposed in [127]. To ensure broad coverage of the multidisci-
plinary nature of TSO-DSO coordination, multiple scientific databases and
publishers are considered. The search process is conducted with the Pub-
lish or Perish software tool ((C)1997-2026, Anne-Wil Harzing), using Google
Scholar, Scopus, and Semantic Scholar as primary search engines.

The primary search query was designed to capture the intersection of
system operators and their coordination mechanisms:

(power OR electricity OR network OR grid OR DER OR “dis-
tributed energy resource”) AND

(TSO OR “transmission system operator” OR. “electricity trans-
mission” ) AND

(DSO OR “distribution system operator” OR “electricity distri-
bution”) AND

(coordination OR cooperation OR interaction OR interface)

The search is restricted to publications from 2015 onwards, corresponding
to the period during which the number of TSO-DSO coordination papers
increased.
Inclusion criteria
Papers were included if they met all the following criteria:

e They are peer-reviewed publications or reports from recognized insti-

tutions.
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e They provide an explicit discussion of TSO-DSO coordination or inter-
action mechanisms.

e They mention limitation(s) from Section 5.2, either by explicit acknowl-
edgment, methodological choices, or real-world evidence of implemen-
tation challenges.

Paper filtering process

The filtering process followed PRISMA guidelines and is fully detailed in
Figure 5.2. From an initial pool of 886 records, the papers are progressively
filtered: duplicate removal (305), metadata and title screening (172 candi-
dates), abstract and conclusion screening (65 articles), and final eligibility

assessment (47 publications). The selected publications are categorized in
Table 5.2.

Semantic . .
Scholar: 386 Google: 300 Scopus: 200
[ i ]
Articles identified with database search: 886 duplicates removed: 305
Metadata analysis: 581 metadata removal: 57
Title analysis: 524 title removal: 352
Quick scan analysis: 172 quick scan removal: 107
Full-text analysis: 65 full read removal: 18
Articles included in the literature review: 47

Figure 5.2: PRISMA diagram of the paper selection process.

5.A.2 Multidimensional scoring methodology

To support a structured comparison across the reviewed literature, each pa-
per is evaluated along the five dimensions introduced in Section 5.2 according
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Table 5.2: Summary of the 47 reviewed papers categorized by publication
type, comprising 23 journal articles, 8 conference papers, 8 pilot projects, 4
technical reports, 3 reviews, and 1 book, with 68% published between 2022
and 2026.

Category Articles

Journal [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90,
91, 92, 93, 94, 95, 96, 97, 98, 99|

Conference [100, 101, 102, 103, 104, 105, 106, 107]

Pilot [108, 109, 110, 111, 112, 113, 114, 115]

Reports [116, 117, 118, 119]

Review [120, 121, 122]

Book [123]

to the following scoring system.

For all scientific articles obtained from the process described in Appendix
5.A, we assign an index to each paper (corresponding to its literature review
entry) and define the set of indices as A. This set is partitioned into three
disjoint subsets: pilots P C A, non-pilots N/ C A, and other contributions
O C A. Only the papers in P UN propose coordination schemes and are
therefore included in the scoring analysis.

Let D denote the set of dimensions along which the papers are compared.
For each dimension d € D, we define the set of sub-dimensions I;. These
two sets correspond, respectively, to the first and second columns of Table
5.1 (Dimension and Sub-dimension).

For each paper p € P UN, dimension d € D, and sub-dimension i € I,
we define a discrete score s, 4, that depends on the characteristics of the
paper for that dimension and sub-dimension. Its value corresponds to the
entry reported in the fourth column (Score) of Table 5.1 for the characteristic
associated with the paper.

For each paper p, the scaled per-dimension score s, is defined as

. Z’ield Sp d,i

Sap = i€l Op (5.1)
? Zleld Sgllax ’

max

where s di is the maximum attainable score for dimension d and sub-dimension
7.
Finally, the score of each paper group is given by the average scaled score
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over pilots and non-pilots:

1
Sxa= X > sup. X e{P. N} (5.2)

peX

This yields, for each group and dimension, a normalized score in [0, 1] that
is directly comparable across the pilot and non-pilot subsets.
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Chapter 6

Conclusion

This chapter concludes the thesis. It first summarizes how each
chapter answered the RQ)s, then states what the three capabil-
ities deliver and their limitations. It closes by outlining future
research, among which an integrated case study on a single net-
work.

DER integration is reshaping how LV distribution networks must be
planned and operated, and it can no longer be treated as a perturbation
of an otherwise centralized system. This thesis addressed the resulting prob-
lem from the perspective of a DSO confronted with the rapid growth of PV,
EV, and HP, proposing to structure the transition to active distribution net-
work management as three capabilities (see, balance, exchange). Taken
together, the developed methods trace a path from network observability to
exchange of local grid capacity. By extending this perspective to the broader
challenge of TSO-DSO coordination, this work suggests that the barriers to
commercial deployment lie less in algorithmic complexity but in validation,
communication, and regulatory alignment.

6.1 Summary of the contributions
This thesis has developed the structure of a toolkit to transform the pas-

sive LV distribution network into an actively managed system, capable of
integrating DERs.
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Addressing the prerequisite of network observability (see), Chapter 2 an-
swered RQ1 presenting a systematic procedure to identify customer topologi-
cal paths using only static data. This removes the dependency on AMI data.
The core contribution is an ILP optimization that maximizes the number
of connected customers while minimizing the number of network elements
required to establish those connections. The methodology is applied to a
real Belgian network of 1089 elements serving 526 customers, to which the
method assigned a feasible path for 88% of customers. A robustness analysis
under corrupted feeder-assignment data demonstrated a fault detection rate
exceeding 95% and a false-connection rate below 5% at realistic error lev-
els, confirming that the method remains reliable even when the underlying
operator records are imperfect.

Building on this established connectivity, Chapter 3 answered RQ2 and
contributed a computationally efficient customer phase-reconfiguration algo-
rithm (balance) to optimize the existing infrastructure. The key innovation
is the use of linear optimization that works over long operational horizons
(e.g., a full year) without requiring computationally heavy, nonlinear power
flows. This is validated on a real Belgian network with high DER penetration
and shows improvements: a reduction in phase load unbalance of 36 and 62%
across two feeders, and a 4.4% decrease in total line losses.

Chapter 4 answered RQ3 showing how DOEs can be translated into trade-
able capacity products while preserving network security (exchange). We
proposed a market-based paradigm in which the DSO assigns secure DOEs to
all customers day-ahead, where security means that, so long as the envelopes
are respected, the network is guaranteed to remain within safe operating
limits. From that point until real time, customers may trade their limits
according to their individual needs through a centralized continuous market,
in which every cleared trade preserves the network’s security guarantee. An
illustrative example on a small test network indicated that this trading mech-
anism can reduce network curtailment and creates an explicit incentive for
flexible customers to reschedule rather than be curtailed; testing on larger
network scenarios remains future work.

Chapter 5 answered RQ4 suggesting the bottlenecks to commercial de-
ployment of TSO-DSO coordination schemes. Through a systematic analysis
of the literature, we identified five main limitation axes: modeling, operation,
validation, communication, and regulatory alignment. The analysis shows
that pilot and non-pilot studies are similarly mature in modeling and opera-
tional aspects, but diverge sharply on validation, communication, and regu-
latory alignment. This suggests that the primary bottleneck to deployment is
not algorithmic complexity, but the limited integration of non-technical and
systemic constraints. The resulting framework highlights key research gaps
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and proposes directions for coordination methods better suited to real-world
adoption.

6.2 Limitations of the developed toolkit

However, while the operations developed in this thesis are important, they
may not be enough to make the DSO a fully active player in power system
management.

The toolkit relies on deterministic assumptions and mathematical ap-
proximations that currently limit its realism. For instance, the balancing
methodology introduced in Chapter 3 relies on deterministic time series data.
In reality, customer behaviors, DER adoption rates, and weather patterns are
highly stochastic. Reconfiguring physical phase connections based on a single
deterministic forecast leaves the network vulnerable to future uncertainties;
a configuration that is optimal for one simulated year may degrade rapidly
if actual consumption profiles or DER installations diverge significantly.

Similarly, the framework proposed in Chapter 4 assumes a balanced net-
work and relies on a DC power flow approximation. In LV networks charac-
terized by high R/X ratios, these linear approximations may fail to capture
critical voltage magnitude variations and reactive power flows.

Finally, there are several other necessary aspects required for deployment
that lie outside mathematical optimization and are generally ignored in the
literature. As explored in Chapter 5, real-world deployment is severely con-
strained by network size scalability, the lack of standardized communication
infrastructures for high-frequency data exchange, and complex regulatory
barriers. Without aligning TSO-DSO incentives, establishing robust data
privacy protocols, and implementing hardware-level protection schemes, the
proposed toolkit remains a highly capable algorithmic foundation rather than
a complete operational reality.

6.3 Directions for future research

The limitations identified in this thesis open several paths for future research.

6.3.1 Toolkit integration and the integrated case study

The most direct extension of this thesis is an integrated case study in which
the three methods are executed sequentially as a unified pipeline. Figure 6.1
summarizes this target architecture.
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Figure 6.1 reconsiders the situation of Figure 1.1. The pressures on the
DSO are unchanged: bidirectional flows and uncertainty from the DERs be-
low, regulatory coordination requirements from the TSO above. What the
figure adds are the three capabilities developed in this thesis, which now
occupy the block that Figure 1.1 left empty, together with the data flow be-
tween them. The figure distinguishes two kinds of data flow. Solid arrows are
products of the toolkit itself: the see block consumes only static operator
records (GIS data and customer-junction assignments) and emits the con-
nectivity graph and feeder assignments on which balance operates, together
with the radial topology and netwok information (such as transformer and
line thermal ratings) that exchange requires. Dashed arrows are inputs that
the toolkit does not itself produce and that must be supplied externally.

Two elements of this architecture are still missing. The first is phase
identification. Extending the ILP formulation of Chapter 2 to assign phases
alongside topological paths would remove the need to feed balance with
externally supplied phase connections. The second is a network model shared
by balance and exchange: allocating envelopes on a rebalanced network
requires a representation in which unbalance is expressed, which the present
DC formulation is not.

TSO

TSO-DSO coordination - (Ch. 5)

iCustomer initial phases! i Network element
& time series : ; parameters

.......................................................................................

Customer Customer
topological phase

SEE - (Ch. 2) paths BALANCE - (Ch. 3) connections | EXCHANGE - (Ch. 4)

Optimal TPI Phase reconfiguration SecuLEx

DERs

Figure 6.1: Data flow between the three capabilities in the target pipeline.

The Belgian LV network of Chapter 2 is the natural candidate for this
integration: its topology is identified by the TPI framework, the resulting
connectivity and feeder assignments define the graph on which the phase
reconfiguration of Chapter 3 operates, and the rebalanced network provides
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the grid model for envelope allocation and trading under Chapter 4.

6.3.2 Robustness and uncertainty management

Future work must address the deterministic nature of the phase reconfig-
uration algorithm by incorporating stochastic or robust optimization tech-
niques. While Chapter 3 demonstrated the computational efficiency of a
linear formulation over long temporal horizons, extending this to account for
a wide distribution of future DER adoption scenarios and weather uncer-
tainties introduces significant complexity. Therefore, future research must
explore tractable stochastic frameworks that allow the DSO to identify re-
silient phase assignments without sacrificing the ability to optimize over ex-
tended, year-long operational horizons.

6.3.3 Realism and large scale validation

Although the SecuLEx market currently demonstrates theoretical viability
on small-scale networks, its clearing mechanism must evolve beyond the DC
power flow approximation. Validating this limit-exchange mechanism on
large-scale, highly asymmetric, real-world distribution networks will require
developing computationally tractable convex AC relaxations or multi-phase
unbalanced formulations. These advancements are essential to accurately
represent voltage limits and reactive power flows during dynamic capacity
trading, while simultaneously addressing the non-linear computational scal-
ing challenges associated with securely clearing thousands of simultaneous
orders. A first step in this direction is taken in our work [18], where DOEs
are computed on three-phase unbalanced AC networks under explicit volt-
age unbalance constraints, and the lexicographic max-min rule adopted in
Chapter 4 is compared against alternative fairness criteria.

6.3.4 Systemic and regulatory barriers

Finally, bridging the deployment gap highlighted in Chapter 5 requires ad-
vancing not only in power systems engineering but also into market design
and regulatory policy. Future research must investigate mechanisms to mit-
igate strategic bidding within local flexibility markets, ensuring that partic-
ipants cannot artificially withhold capacity to manipulate prices. Addition-
ally, research must focus on the design of standardized, low-latency ICT and
the establishment of regulatory frameworks that properly incentivize DSOs
to utilize operational flexibility over CapEx reinforcements.
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