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Summary

This thesis, presented as compendium of papers, is conducted in the context of uncertainty
about the usefulness of flexibility for distribution networks to face the energy transition. While
relevant articles were published about the benefits of flexibility solutions and demonstration
projects had been carried out announcing a variety of new options for the operation of
distribution networks, regulators have not been very proactive in implementing them. With a
few exceptions such as the United Kingdom, implementation in Europe has been slow in recent
years. Reasonable motivations for regulators' misgivings include the question of which is really
the best mechanism for flexibility services, the value that this new mechanism could really
provide and to what extent Transmission System Operators (TSOs) should intervene in these
new solutions. The main objective of this thesis is to study the elements that must define the
design and selection of mechanisms to acquire flexibility services for Distribution System
Operators (DSOs) needs that could help an efficient implementation of flexibility provision to
distribution networks. To accomplish this objective, this thesis follows a stepwise approach.

Firstly, a comprehensive decision-making framework to select the most suitable flexibility
mechanism for a particular DSO need is proposed. Not all mechanisms enabling DSOs to access
or acquire flexibility services, named flexibility mechanisms, are equally suitable to address the
different problems and needs faced by DSOs. There is also a wide range of DSO operational
needs and situations of the network (according to the voltage-level, timing, and type of service)
which may require different flexibility mechanisms. Several key evaluation criteria should be
considered when selecting the most appropriate mechanism (TSO-DSO coordination, market
liquidity, generalization), which are detailed in this thesis. As a result, the most suitable
mechanisms are highlighted as useful tools to solve the needs of the network at all voltage levels
and adapted to each situation. The first paper of the compendium (Annex 1) is devoted to this
stage.

In the second stage, a Cost-Benefit Analysis (CBA) is conducted to objectively assess these
flexible alternatives, comparing the value of the flexible solution with the value of the traditional
solution. The second paper of the compendium (Annex 2) is related to this analysis. To do this,
four realistic use cases are selected in the Spanish context with real networks and probable
future scenarios to perform comparisons and provide conclusions about the true value of
flexibility. The first case is related to the connection of a wind farm to the 132kV grid, for which
costly reinforcements are necessary. This is a situation repeated throughout the geography. The
second case is an urban MV network in which electric vehicles are charged simultaneously. The
third case involves maintenance work on a 132kV line that requires interrupting a large amount
of power. The last case involves congestions in secondary substations due to the proliferation
of photovoltaic generation in a residential area. All of them are cases that, in the scenario of
energy transition, are likely to be reproduced in many places in a similar way.

The following steps are followed for each of the case studies. First, the real value of the
traditional or business-as-usual (BAU) solution is identified. Secondly, following a
comprehensive analysis of the costs involved, flexible solutions’ costs are estimated. Finally,
both solutions are compared to evaluate the value and possible sensitivities with respect to the
variables considered, for example, the number of activations or kilometers of lines required, so

2



Selecting mechanisms to acquire DSO flexibility services in the energy transition (F.D. Martin Utrilla)
Summary

that some conclusions can be drawn about the value of flexibility in these likely situations.
Results show that flexibility presents a different value depending on the use cases considered
and that, in some cases, traditional solutions can be more competitive than alternatives with
flexibility services. Network reinforcements in the distribution network have a long lifespan and
provide reliable service to thousands of customers. However, flexibility services can be useful
for accelerating decarbonization through flexible connections (i.e., non-firm connections) or
short-term solutions to manage the distribution network operation, which are two specific
flexibility mechanisms considered in the CBA assessment of the realistic cases.

The need for TSO-DSO coordination is assessed in the third stage, and is the topic addressed in
the third paper of the compendium (Annex 3). In this regard, this thesis reviews the activities of
TSOs and DSOs and their short- and long-term needs at different voltage levels. Similarly to how
regular distribution network operations, despite continuously affecting the system balance
operation, require no major coordination among system operators, DSO flexible solutions might
also have a very small impact on the overall system. The literature has not previously analyzed
where the limit beyond which coordination would be necessary is found. This question requires
an analysis of the different DSO operations where the need for coordination is foreseen, and a
case-by-case study considers the impacts created by the actions of the DSO managing flexible
resources on the responsibilities of the TSO. Major coordination is deemed as the type of
coordination that requires not only information exchange but also the other operator's approval
or supervision. To that end, the application of a flexible tool is assimilated to real operational
situations of the same scale. Then, the impact on the activities of the TSO in each of the different
operational situations is studied, after selecting those operational situations for different
voltage levels and timeframes as candidates to require such major coordination. The following
method was adopted: Firstly, regular network operations are selected with an impact similar to
that expected for the flexibility needs of the distribution network. Then, power flow analysis is
performed with the network in a normal state and with the network after a regular operation
to account for the number of additional overloads that may occur. This operation is repeated,
raising the load in ten sections until the demand in the area is doubled in order to compare with
and without the deemed operation (an opening maneuver or a load transfer) in different
demand scenarios to verify the impact on the transmission network. Afterwards, the
methodology is replicated considering that the TSO-DSO boundary is located at different voltage
levels so as to reflect the situation in different countries where the subtransmission grid may be
operated by a different type of grid operator. Results show that the additional overloads in the
transmission grid created by equivalent network operations are negligible. So, there should also
be no significant impact on TSO when regular local flexibility mechanisms are enabled for the
distribution network. Concluding that major coordination would only be necessary when there
is high power change and in the short term. The threshold of what is considered "high" depends
on the voltage level at which the TSO-DSO border is located. In the Spanish case, where the
subtransmission grid is operated by DSOs, this threshold could be set above 50MW for the
studied area based on the results of this thesis.

The fourth stage is the one that corresponds to the regulatory recommendations and further
research proposals, highlighting that the incorporation of flexible solutions would, therefore, be
about enabling a toolbox of flexibility mechanisms so that the DSO can select the most
appropriate one, with or without TSO-DSO major coordination, or with or without market
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liquidity. A more detailed study of the possibility of having sufficient liquidity for each type of
network need in order to have an efficient competitive market would be required to shed light
on the choice of the mechanism to acquire flexibility. Additionally, many uncertain parameters
influence the efficiency of the flexible solution when compared to traditional solutions and can
vary greatly, such as the lifespan of the assets, the value of lost load, the cost of energy or the
cost of reinforcements, and whose magnitudes determine the true value of flexibility. Therefore,
it is not possible to think of a one-size-fits-all solution. An individual study of each case is
necessary to assess the value of flexibility. Finally, in order to improve liquidity for the market-
based solutions to be optimal it is necessary to make an exhaustive analysis of the roles of the
stakeholders, especially the flexibility aggregator, who is expected to play a key role concerning
access to flexibility.

With this research, it was possible to highlight the diversity of both DSO needs and possible
solutions, providing a decision framework to match each type of need with the optimal
mechanism. It was possible also to determine which solutions may be more competitive than
traditional solutions and under which conditions, adding more certainty about what the first
steps for regulatory changes should be. And finally, with a detailed study on the impact of the
flexibility enabled by the DSO on the responsibilities of the TSO, it was possible to establish a
limit to the needs for TSO-DSO coordination to avoid unnecessary cost overruns.

All this work was useful to focus the efforts of implementing flexible solutions on those
mechanisms and needs that result in an improvement, either in efficiency or in sustainability, or
in both. Further studies would be needed to research deeper into these implementations. The
final section proposes some possible future studies on flexible probabilistic planning, the need
to measure liquidity, or a broader study of the sensitivities affecting cost-benefit analysis.
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1 Introduction

1.1 Context

The decarbonization of the electricity generation mix drives a decentralization that requires
revisiting markets, regulation, and other organizational practices within the power system.
Additionally, electrification is seen as a central means to decarbonize other electricity uses in
transport or heating. In this context, new forms of electrical energy consumption and new forms
of distributed generation raise new requirements for Distribution System Operators (DSOs).

The grid needs can be met in the traditional way (e.g. investing in network assets). However,
these needs can also be satisfied by acquiring flexibility services provided by the resources
connected to the network [1]. These services must be adapted to the needs of the network itself.
At the same time, the necessary enabling mechanism must be in place for that service request
and delivery to occur. A flexibility mechanism is how system operators access and acquire
flexibility services from third-party providers.

European regulation has been promoting this since at least 2019. Article 32 of the Directive
2019/944 [2] on common rules for the internal market for electricity states that “Member States
shall provide the necessary regulatory framework to allow and provide incentives to distribution
system operators to procure flexibility services”, and that DSOs “shall procure such services in
accordance with transparent, non-discriminatory and market-based procedures unless the
regulatory authorities have established that the procurement of such services is not
economically efficient or that such procurement would lead to severe market distortions or to
higher congestion”. Therefore, among the flexibility mechanisms, market-based mechanisms
was set as the preferred option, although the regulator may choose other mechanisms for
overall efficiency reasons.

European regulation establishes a network code which lays down the requirements in relation
to demand response, energy storage, distributed generation and demand curtailment rules,
including rules on aggregation, to contribute to market integration, non-discrimination, effective
competition and the efficient functioning of the market pursuant to Article 59(1) of Regulation
(EU) 2019/943 ( [3], [4], [5]). But national regulations are still very incipient and there are many
doubts about the best way to implement these flexibility solutions.

The Transmission System Operators (TSOs) face the challenge of managing electricity systems
with decentralized generation and low inertia due to the foreseen disconnection of big
synchronous fossil fuel-powered or nuclear generators that provide stability and also the need
to ensure ancillary service providers that maintain the reliability of the system [6]. DSOs, on the
other hand, have the challenge of maintaining the quality and reliability standards of the
networks in a system that is increasingly moving beyond the traditional distribution function and
taking on new duties becoming energy exchange spaces, as demand is increasingly intertwined
with generation, and whose consumers will have more heterogeneous and more unpredictable
profiles. DSOs will therefore need to develop the skills and facilities necessary to procure and
effectively manage the contribution of potentially hundreds of thousands of increasingly active
consumers to network security and quality of supply [7]. Furthermore, tackling the energy
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transition involves electrifying part of the energy demand. The distribution network is the means
to bring generation to meet demand. But the necessary grid reinforcements, may be expensive,
may not arrive in time, or may not even be possible for other reasons. This makes it necessary
to optimize the use of the networks as much as possible. Thus, the future roadmap of a power
distribution system shall include not exclusively network upgrades but also non-network
solutions focusing on operation strategies exploiting the flexibility gathered from distributed
energy resources (DER). [8]

Network needs that may occur as a result of the energy transition are therefore very diverse,
and so the mechanisms to acquire DSO flexibility services, hereinafter referred to as flexibility
mechanisms, used to address them. The selection and the value of the flexibility mechanisms,
starting from the DSO's own needs, the applicability of the different flexibility mechanisms for
each situation and a thorough analysis of the coordination needs between system operators are
studied in this research.

There are doubts about the usefulness of flexibility as a whole, taking into account that it entails
very significant changes in the way the network is operated and planned. The DSO needs are
also changing and it is not always clear which of these mechanisms are more useful for a certain
need. On top of that, DSOs are not familiar with the topic of market-based procurement of
services and active management yet [9], and their responsibilities in this field should be revised
in the regulation. Several outstanding barriers need to be overcome to utilize DER flexibility [10],
such as the role of aggregators to unlock small DER flexibility, TSO-DSO data exchange or a
thorough analysis of which coordination scheme is most suitable.

There is therefore still a lot of uncertainty about the usefulness and timeliness in the choice of
each of the possible mechanisms of flexibility activation that this thesis aims to address at
different stages. In the first stage, it is intended to shed light on the choice of the flexibility
mechanism based on the needs of the DSO. In this thesis, a framework is developed to make
this choice. There are some critical stages in which it is necessary to delve deeper. Therefore,
the following phases of the thesis address them. Specifically, comparing the flexible solution
with the traditional solution on the one hand and in the need for TSO-DSO coordination on the
other hand. There are other stages, but having studied these two critical stages and knowing
more about the available liquidity, it is possible to find out which family of flexibility mechanisms
would be optimal given the ability to better solve the needs of the electricity system. This thesis
focuses on the framework itself and also on these two critical steps of the framework.

1.2 Objective

The purpose of this research work carried out for the doctoral thesis entitled ”Selecting
mechanisms to acquire DSO flexibility services in the energy transition” is to analyze the
different needs that may arise for DSOs due to the new requirements produced by the energy
transition, explore which flexibility solutions could be applicable and explore the applicability in
each case.

The main objective is summarized in these research questions:

e How should flexibility mechanisms be selected to provide DSO flexibility services?
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e What mechanism better fits each DSO need?
e s flexibility from grid users more efficient than traditional solutions?
e What kind of coordination between TSO and DSO is necessary?

These questions require addressing these specific objectives, also shown in Figure 1:

e Analise the traditional drivers and the new drivers on the planning and operation before
comparing BAU solutions with flexibility solutions.

e Identify the existing needs of the network and the expected needs (location,
procurement time, type of need) by analyzing the planning and operation drivers of the
grid, also based on future scenarios.

e Study and assess the different mechanisms for procurement of flexibility by DSOs.
Evaluate these mechanisms to select depending on different criteria.

e Quantify the value of flexibility solutions. Comparison with real network data between
the flexibility solution with the traditional solution.

e Analise the potential cross impacts of DSO flexibility activation on TSO responsibilities
to map out the coordination needs.

e Given that some alternatives are expected to impact the TSO responsibilities, analyze
the need for major coordination of local DSO mechanisms with the operation of the
transmission grid.

e Define a comprehensive framework for selecting flexibility products and provide
regulatory recommendations for flexibility mechanisms to provide DSO flexibility

services.

Decision *Needs of the network
Framework * Mechanisms to select

*New drivers
¢ Cost analysis
*BAU vs. Flex comparison

TSO/DSO eImpacts on TSO
Boundaries *The need for coordination
Regulatory

recommendations

Figure 1: Specific objectives

1.3 Thesis Outline

This study is conducted in three stages. The first is a general one in which the different
mechanisms to access flexibility must be appropriate according to the needs of the network
studied. The second addresses the comparison of the flexible solution with the traditional
solution. And the third is about the need for coordination between the electrical system
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operators, TSO and DSO. The expected result of this work is to reach regulatory
recommendations that can lead to an efficient implementation of the flexibility mechanisms.

This section presents the roadmap of the thesis. The methodology is based on a decision
framework for selecting flexibility mechanisms developed in the first stage with a review of the
DSO's needs considering all possible solutions for the DSO. This methodology, represented in a
simplified way in Figure 2, highlights two critical steps in developing the decision framework. It
requires consequently answering two certain critical questions that need detailed studies
regarding BAU/Flex comparison and TSO-DSO coordination. Therefore, three relevant questions
arise, also represented in Figure 2.

Main Questions:

. What mechanism fits better
each need?

Is flexibility more efficient

than BAU?

Is it necessary a
- . coordination TSO/DSO?

Figure 2 Decision framework and main questions of the first step

The three stages in which the study was performed answer respectively the three questions in
Figure 2. Figure 3 presents the different steps of the study.
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Decision Framework for Critical steps in-depth Critical steps in-depth
study: Analyzing the need

for TSO-DSO coordination

selecting flexibility study: Value of flexibility
mechanisms alternatives

COMMON
MARKET
DESIGN

comMMON
MARKET
DESIGN

ves|  toca ves|  LOCAL
- MARKET | maRKer
MECHANISM MECHANISM

noy

NON

MARKET-
BASED

MECHANISM MECHANISM

Figure 3 Stages of the study: Decision Framework, value of flexibility, and TSO-DSO
coordination study.

The first stage of the three-step approach is the development of a decision framework for
selecting flexibility mechanisms. To do so, the key criteria were identified to determine the more
suitable mechanism to implement in each case, and also the real needs of the network were
considered (the location, procurement time, type of need, liquidity, or coordination between
operators) to choose the way to acquire flexibility for DSO use. Based on this, the decision
framework considers all the different available mechanisms and, based on the DSO needs and
the situation of the network, proposes the most suitable flexibility mechanism. As a result, the
most suitable mechanisms are highlighted as useful tools to solve the needs of the network at
all voltage levels and adapted to each situation. The corresponding results are published in the
journal Economics of Energy & Environmental Policy (Annex 1).

The second stage refers to the step of opting for the flexibility solution against the traditional
solution that is the first step and represents a definitive filter. To this end, given that the needs
are so diverse, a broad-spectrum methodology aligned with the actual challenges of the energy
transition for the planning of distribution network is proposed, as it includes a comprehensive
analysis of the real costs and the type of needs. Based on it, four representative cases of the real
network are taken to compare the application of flexible solutions versus business as usual. To
select the representative cases, it is necessary to carry out a prior study of the drivers that may
motivate the need and to place them in the context of energy transition. To study the costs of
the flexible solution, it is necessary to draw up a list of needs for designing these tools and assign
a cost for each use case. From the final conclusions, the aim is to extract those cases for which
the flexible solution is clearly more efficient and to detect the sensitivity of those cases that
depend on other factors. Results are published the journal JEEE Access as shown in Annex 2.

And finally, the last question is about the need for coordination with TSO needs that is crucial
and determines following very different branches in the framework. Considering the need for
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coordination at this point is relevant to not including inefficient actions in the design of solutions.
Coordination, understood as supervision or validation of other SOs’ actions can become an entry
barrier to participation in these markets. The needs of TSOs and DSOs are undoubtedly different.
To carry out this study on the need for coordination, power flow modelling is used to simulate
actions on the network similar to those resulting from applying a local flexible mechanism. In
this way, the order of magnitude of the impact can be assessed. The results of this part of the
research are published in the journal Sustainable Energy, Grids and Networks (Annex 3).

Finally, the framework is reviewed to draw up a list of regulatory recommendations mainly
based on three topics that can be particularly useful to accelerate the energy transition and
improve grid operation efficiency. These recommendations aim to contribute to the
implementation of the flexibility toolbox maintaining grid reliability, long-term planning
comparing flexibility with grid investments, and integrating these new solutions avoiding
unnecessary barriers.

This thesis is organized as follows. Section 2 presents the decision framework, section 3
addresses the value of flexibility versus traditional solutions, section 4 reviews the need for TSO-
DSO coordination. After that, section 5 presents the regulatory recommendations that are
derived from the study and section 6 summarizes the conclusions, contributions and future
work. The collection of papers that support the thesis is included in the annexes.
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2 Building a decision framework for selecting
flexibility mechanisms

This stage is related to the first paper of the compendium that makes up this thesis, included in
Annex 2. The challenge is to encompass the wide variety of operational needs that the DSO has
and try to match them with the diversity of options for flexibility activation mechanisms.
Therefore, firstly, a study of the needs and mechanisms is carried out: the location, procurement
time, type of service, and other characteristics that can influence the selection of flexibility
mechanisms. On the other hand, the variety of mechanisms that might be selected is also
studied. To relate these two sets, some relevant criteria were also studied in the choice of
mechanism, such as the impact on the TSO's responsibility, the possible generalization of the
problem or the potential market liquidity. Deeming all of them, a clear framework is developed
to match DSO needs with the most suitable flexibility mechanism.

2.1 DSO needs and mechanisms to acquire DSO flexibility services

2.1.1 Flexibility mechanisms
A selection of mechanisms requires a prior study of what mechanisms might be available. To do
so, a review of previous work was carried out ( [11], [12]). Considering the following options:

e Regulated payments or penalties: What characterizes these mechanisms is an
economic incentive for flexibility provision from the Flexibility Service Providers (FSPs),
but there is no commitment for the provision. However, depending on the amount of
the penalty, the commitment level would vary.

e Bilateral Agreements: A bilateral agreement requires a negotiation process between
the two parties: the system operator and the FSP, who participates voluntarily.
Connection agreements are considered also bilateral agreements, as long as they are
voluntary and there is an agreement on the activation requirements.

e Dynamic Tariffs: A dynamic tariff means that the price signal is defined at shorter notice,
possibly close to real-time [13]. Dynamic tariffs concern devising time (and locational)
differentiated network tariffs which can be adjusted to reflect the necessary temporal
and spatial cost variations.

e Local Markets: Local flexibility markets include long-term and short-term pools in which
offers are received from FSPs. The DSO utilize flexibility based on its willingness to pay
for it and the available fallback solutions and the type of flexibility product required. A
local flexibility market seeks to promote competition among flexibility providers.

e Common Markets: Same concept as Local Markets but in this case Flexibility is selected
in a unique market to satisfy both TSO and DSOs needs. Selection of flexibility bids by
DSOs and TSOs is carried out in a coordinated process and takes into account the
constraints of all the grids involved.

Bilateral agreements and market solutions are considered explicit flexibility as they commit
individually to provide the service. Regulated payments or dynamic tariffs are considered
implicit flexibility as there is a decision of the FSP to provide or not given an economic incentive.
The Council of European Energy Regulators (CEER) proposes also different ways of accessing
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flexibility [13] that matches this list. CEER considers the active participation of new consumers
and generators connected to distribution grids and their contribution to more efficient use of
the networks by avoiding traditional costs of network assets sporadically used. The use of
flexibility from customers may result in a cheaper and more sustainable electricity grid. In [1]
the flexibility of the resources connected to the grid is addressed to cope with the energy
transition challenges. In [13] different scenarios are considered in which alternative non-market-
based mechanisms can be used to access flexible resources, although it emphasizes again that
the market-based mechanism is the preferred option. In [14] it is mentioned that alternative
connection agreements should also be assessed from the perspective of being a welcome
addition to the ‘toolbox’ of the DSO. To what degree and in which form alternative contracts
could (or should) be implemented should be assessed by European national regulators.

The Council of European Energy Regulators (CEER) perceives also the range of flexible solutions
as a toolbox [15] from which the regulators could facilitate flexibility use at distribution level.
This thesis aims to provide knowledge about the selection criteria of each mechanism.

To correctly define the operational needs of the DSO that can be solved by FSPs three
components are clearly needed: Service to be provided, which determines the electrical
parameters involved; voltage level, which determines the type of resources involved; and the
timeframe, which determines the type of BAU solution.

2.1.2 DSO Needs - Services

In [16] System Operator (SO) Services are expected to be market-based procurement of
balancing, voltage control and congestion management. However, DSO needs may not match
the predefined SO services. For this reason, this thesis addresses an in-depth analysis of the DSO
needs.

DSO needs vary greatly depending on the type of assets involved and the time frame. The needs
determine the type of flexibility service. Some require active power management, while others
require reactive power. Some needs require availability or reserve due to the uncertainty about
the occurrence of specific events and some others needs require only flexibility activation. The
needs required by DSOs are categorized based on whether they are based on availability or
activation and whether they require active or reactive power. The services involved could be
congestion management, voltage control, and controlled islanding. This list is not closed, and
other services could be defined.

e Congestion management involves active power changes and/or availability to adjust to
prevent network components from reaching their thermal limits. Issues such as
investment deferral in network planning, phase balancing, extended assets lifetime,
planned and unplanned maintenance operations or resilience in adverse weather events
and hazards [17] could be considered mainly under the congestion management
services framework as they are related to active power, requiring activation and/or
availability of an active power upwards or downwards.

e Voltage control requires actions to maintain grid voltages within acceptable ranges. At
lower voltage levels, it primarily requires active power management due to the high R/X
ratio [18]. However, voltage issues are generally managed through reactive power flows
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at higher voltage levels.

e Controlled islanding applies to small electrical islands that may arise when the network
cannot keep a section of the network connected to the rest in case of network failures.

Availability products are expected to be related to long-term or forecasted needs, as short-term
needs would require near real-time activations. There are other flexibility services that address
the needs of TSOs, such as balancing, inertia, or black start. In these cases, the DSO could act as
a facilitator of the services required by the TSO. However, as they are TSO services, they are not
addressed in this study.

2.1.3 DSO Needs — Voltage level
The needs are also different depending on the voltage levels:

e Low Voltage (LV, <1kV, ~<100kW): LV networks, which comprise the majority of line
kilometers in urban distribution systems, are the least attended due to the low
individual criticality of the assets. However, the active management of these networks
is becoming increasingly important due to the advancement of automation and the
deployment of intelligent systems like advanced metering infrastructure.

e Medium Voltage (MV, ~1kV to ~36kV, ~>100kW and ~<5MW): MV networks, which are
radially operated, have a significant presence in rural areas or where the overhead
network coexists with the urban environment. Despite being similar to higher voltage
equipment, they have a considerable level of automation and impact on the continuity
of supply indices. Some elements can be very critical.

e High Voltage (HV, ~36kV to ~220kV, ~>5MW): HV networks, meshed grids, have
operating requirements similar to those of transmission networks. Voltage control in
these grids is conducted through reactive power flow management.

Some key characteristics of these three levels include differences in network type, operation,
and factors considered when investing. Regarding criticality, LV assets, which feed fewer
customers, are considered critical only occasionally. HV assets are more critical due to the
number of customers they serve and the relevance of some facilities, such as large industries.
MV assets fall in between. The controllability of network assets is also related to their criticality,
with HV assets usually being fully automated, controlled, and even monitored with new
parameters such as temperature. The digitalization process has contributed to reliability, with
automation and control in MV and evolving to LV.

Regarding operation mode, HV networks are generally operated in a meshed mode, while LV
and MV assets are operated radially. MV assets have adjacent feeders that assist in case of
outages, especially in urban networks. Some other situations need to be considered in specific
cases, such as potential social opposition and administrative or environmental constraints in
investment works.

2.1.4 DSO Needs - Timeframe
Finally, the needs in network operation are very different depending on the procurement
timeframes:
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e Long-term needs: These are foreseen years or months in advance and are usually
addressed with new investments in network assets. Flexibility alternatives may be
justified based on deferral investment or even its avoidance. Article 32 of the EU
Directive 2019/944 [2] stipulates that network development plans should provide
transparency on the necessary medium and long-term flexibility services.

e Short-term programmed needs: These are part of the normal network operation for the
maintenance of the elements. Interventions are programmed in advance with a
predetermined schedule or work plan, and they require the preparation of the network
to carry out the maintenance work.

e Non-programmed short-term needs: These are unforeseen needs requiring an
intervention almost in real-time or just a few minutes or hours in advance, typically in
the event of network failures. Due to their unpredictability, it is not possible to forecast
these needs, making monitoring essential. Both activation and availability for critical
situations or installations are valued in these cases.

While long-term BAU solutions are expected to be new network extensions and reinforcements,
short-term BAU solutions typically involve recurrent operational cost actions, outages or quality
issues.

Figure 4 graphically shows the characteristics of the needs, also considering availability as part
of the definition of services to be considered at a later stage.
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Figure 4. DSO Needs characteristics.

2.2 Criteria for selecting flexibility mechanisms for DSOs.

In this section, based on the variety of needs, the aim is to find the most suitable flexible
mechanism.

The examples of local markets tested in Denmark [19] and the pioneering projects undertaken
in the UK, Germany, the Netherlands and Norway described in [20] show a direct adaptation of
the global framework to local needs, revealing the weaknesses of the lack of liquidity when
trying to use the existing market mechanisms of wholesale markets for local needs. The
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architecture of markets, platforms and even products were designed with this approach in great
detail in [19], [21] and [22]. But an adaptation of a global market for local DSO needs is not a
local market. At least it is not specifically designed for local needs. The needs of DSOs are very
different and require a detailed analysis before showing weaknesses, as the inappropriate tools
may be used for each need. Thus, matching the flexibility mechanisms proposed in the literature
and the real needs of the distribution network is paramount. This helps DSOs to focus on the
most suitable mechanisms for their expected needs.

Similar approaches can be found, but without carrying out such a correspondence. A thorough
assessment of the different options for flexibility mechanisms based on surveys among DSOs
was performed in [11]. The results reflect the feasibility of solutions that is complementary to
the results of this thesis. Besides, authors in [20] present an assessment of flexibility mechanisms
according to six relevant design elements: 1) the integration with existing electricity markets, 2)
the role of the market operator 3) reservation payment, 4) products standardization, 5) TSO-
DSO cooperation, and 6) DSO-DSO cooperation. However, the scope and design of the different
projects are very diverse, making it difficult to infer a generalization of the criteria.

The approach to selecting flexible mechanisms can be done from different perspectives. In this
study, the priority is given to satisfying the needs, unlike other studies, as in the case of [23] with
a supposed bottom-up perspective but leaving the satisfaction of the DSO need at the end of
the analysis.

There are some relevant questions when it comes to proposing a flexible mechanism (Figure 2).
The first and most obvious is whether flexibility solution is more economical than a traditional
solution. This part forms the second stage of this thesis and is studied in more depth in section
3 of this document. This question depends on many factors: the type of need involved, the
benefit offered by the traditional solution, and the benefit of the flexible solution. Or even
considering the alternative of doing nothing and facing the need assuming some risks (e.g. [24],
[25]) (section 3.2). This requires a detailed study of costs including CAPEX and OPEX (as in [24]
and [26]) and a correct application to real use cases also considered in section 3.

Market liquidity can be defined in a simplified manner as the presence of enough traders on
both the bid and offer sides of the market to reach an optimal transaction [27]. In a perfectly
liguid market, an asset can be sold instantly with no loss of value. In fact, for a large number of
participants on both the demand and supply sides, the ability to negotiate is practically zero, the
market in perfect competition results in an efficient price. In contrast, in a market with limited
liquidity, the buyer or seller may have bargaining power and influence the price.

When markets are still immature, liquidity is generally low. So, mechanisms to facilitate trading
are needed in illiquid markets. Mechanisms such as bilateral agreements are therefore very
appropriate for the most incipient markets. Some market mechanisms may develop sufficient
liquidity, but others may remain illiquid, that depends on the level of competition gained. When
more liquidity became available, auctions would be the next step to allow competition. Since
services may be remunerated by activation and availability, the market could be cleared in
different stages.

A relevant question to choose the best mechanism is to highlight the need for coordination
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between TSO and DSO. Again, it is necessary to distinguish different needs, timing, and voltage
levels, but in this case, with attention to the potential impact on the TSO level. In the cases of
potential impact, it must be assessed by evaluating the effect on the transmission network,
which could be addressed by comparing it with current ordinary scenarios to provide a realistic
perspective. Section 4 is devoted to this analysis and aims to help to better define a threshold
for the coordination needs.

Global problems would be exclusive to the overall system needs managed by the TSO, while
local problems are network-specific, either from the TSO’s network, the DSO’s network, or both.
Therefore, the DSO has only local problems under its responsibility. However, there may be a
local problem that is repeated throughout the network (e.g., solar overproduction), which
becomes a generalized problem. In that case, specific mechanisms should be considered to avoid
addressing individually a large number of similar problems at the same time.

A key aspect of market-based mechanisms to acquire services is the commitment to deliver the
traded commodity, otherwise, the transaction does not take place (i.e., explicit flexibility). Tariff
mechanisms, however, also provide economic incentives, but without a commitment to deliver
the service beyond potential penalties (i.e., implicit flexibility). The implicit flexibility with
dynamic tariffs or regulated payments is useful for generalized problems, avoiding the need to
reach a previous agreement with each flexibility provider.

Figure 5 graphically shows the evaluation criteria. To determine the need for TSO-DSO
coordination, the coordination scheme selected and the agreed thresholds must be considered.
The liquidity level needs to be defined to decide whether a market can provide an efficient
solution. And the generalization of the problem defines the tariff alternatives considering time
and location granularities.
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* Coordination * Market « Different tariffs
scheme. competition as by nodes.
N an optimal . .
* Coordination solution « Different tariffs
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Figure 5. Evaluation Criteria.

2.3 Decision Framework for Selecting Flexibility Mechanisms in
Distribution Grids

Each of the characteristics that can influence the design selection of flexibility mechanisms was
studied individually. Identifying the needs faced by the DSO, their location in the network (LV,
MV, HV) and the timeframe in which the need is managed. On the other hand, other relevant
criteria were also studied in the choice of mechanisms, such as the impact on the TSO's
responsibility, the possible generalization of the problem or the potential market liquidity.
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Deeming all of them, a clear framework is developed to match DSO needs with the most suitable

flexibility mechanism. The three types of mechanisms considered that encompass a different

area in the decision framework are: local markets, common markets, and non-market-based
mechanisms (e.g. network tariffs or bilateral contracts).

First area, some mechanisms must necessarily be coordinated with the TSO because of their
impact on balancing or TSO grid. Then depending on the timeframe and the need, different type
of common or coordinated markets may be used.

Second area, other situations in which there is not enough market liquidity, non-market-based
mechanisms are selected, such as bilateral agreements for specific needs or dynamic tariffs for
generalized needs.

And finally the third area, for situations in which there is sufficient liquidity and there is no
impact on the TSO’s operation, depending on the need and timeframe, different types of local
markets can be selected.

The exclusive mechanisms for DSOs are still very unexplored in the literature and the lack of
liquidity plays a key role. Market-based mechanisms, preferred by regulators, can provide
optimal solutions when liquidity is high. Local DSO markets could work under those premises,
but illiquid situations may occur in case of lack of maturity of the market and this situation may
even persist. Thus, non-market mechanisms may also have a relevant role to play in the DSO
environment.

The market design options, such as the timeframe, the exchange of information, the design of
the traded product, the price formation, the cost or the barriers to entry and exit, are key factors
that determine the existence of more or less liquidity and, therefore, the efficiency of a market-
based mechanism. On the other hand, while products and services need to be developed to
manage flexibility markets, they do not strongly influence the choice of mechanism, but it does
impact liquidity.

Figure 6 shows the proposed decision framework, which is divided into three areas depending
on the three types of mechanisms mentioned above: one related to common TSO-DSO
mechanisms, another one related to non-market-based mechanisms and the last related to local
market mechanisms.
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For a better understanding of the framework, the example of two specific needs could be chosen

to select the

optimal mechanism:

- Example 1. (see Figure 7) Flexible connection is required in the non-meshed HV network

(without impact on TSO operation). In this case, the framework continues as follows:
1. Can the need be solved with flexibility?: YES.
2. Grid level: HV not meshed.
3. Does it have an impact on TSO?: NO, it might be due to having an amount of

requested power under the threshold that impacts the TSO duties.

4. |s there enough market liquidity for the need?:NO, the need is local and specific

to the connection.

5. Isita generalized problem across the grid?: NO, it is a single local need.

After answe

ring these questions, the solution is a bilateral agreement in which flexible

connections (non-firm) are included.

Flexible

Connection

Criteria:

EEEEEO

Needs and services
Need location
Procurementtime
Impacton TSO
Generalisation
Marquet liquidity

Figure 7 Decision Framework: Example 1: non-firm connection
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- Example 2. (Figure 8 and Figure 9) Long Term Congestion in MV. In this case, the
framework continues as follows:
1. Can the need be solved with flexibility?: YES.
2. Grid level: MV.
3. Is there enough market liquidity for the need?: YES, DSO knows several DERs
connected to the feeder that are flexible.

Long Term
Congestion
at MV

Criteria:

Needs and services
Need location
Procurement time
Impact on TSO
Generalisation
Marquet liquidity

EEEEERO

Figure 8 Decision Framework. Example 2: local market. First part.

4. s it a long-term or short-term need?: Long-term.

5. Could this long-term need be managed in short-term markets?: NO, there is a
need of long-term commitment.

6. What does the market remunerate?: For example, only availability is
remunerated in the selected product.

4 SHORT
TERM

ACTIVATION
CR
AVAILABILITY

ACTIVATION AND
ANVAILABILITY

Figure 9 Decision Framework. Example 2: local market Second part.
After answering these questions, the solution is a local market.
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This framework is only intended to select the most appropriate tool for each case in a given
context. But the combination of alternatives offers solutions under a wider range of contexts.
Moreover, for each specific need in a specific context, there is a tool that is the most appropriate
but may not be a stand-alone solution. [28] performs a thorough study of efficient combination
of flexibility acquisition mechanism:s.

In addition, the behavior of network users is dynamic and constantly changing active and
reactive power flows. Therefore, it is interesting to have a wide variety of options available and
apply one or other depending on the specific circumstances. For this reason, the requirements
on the same network element can be very different from one day to another or even between
hours. This means that the criteria for choosing the best mechanism can also be dynamic. For
example, there may be sufficient liquidity at some times, justifying a market mechanism only for
some time slots. Or there could be some DSO requirements that need to be coordinated with
the TSO because of the magnitude of the need but the coordination might not be essential other
days at lower magnitudes. So, the combination is possible and, in some cases, but the
coordination might not be essential or may even be desirable. For example, long-term needs
could be met with short-term markets in cases of high liquidity to obtain perhaps more adjusted
prices. Short-term and long-term needs might be combined in order to have an optimal result
or also ensure commitment in different circumstances.

2.4 Conclusions on the decision framework for selecting flexibility
mechanisms

Even if there have been many demonstration projects about flexibility solutions for DSO needs
such as CoordiNet [29], EUniversal [30] or OneNet [31], it is difficult to have a real evaluation to
assess the validity of the solutions in comparison with traditional ones. Either because they are
more focused on the technical deployment that the project enables, or because there are no
real market conditions, giving more optimistic results of the selected mechanisms in specific
situations. This thesis tries to avoid biases by considering a wide range of real needs and
enlarging the variety of mechanisms available and finding eventually the most efficient solution
for each need.

The evaluation of the characteristics of realistic case studies is very diverse and not always
generalizable. In many cases, by treating all the needs equally, without observing the important
differences between them and the diversity that characterizes the DSO activity. For that reason,
the decision to select a mechanism must consider the type of service needed, the location in the
network and the timeframe.

The second conclusion is related to the selection of the flexibility mechanism, considering some
criteria such as the type of need, the impact on the TSO grid or the market liquidity. There are
many reasonable uncertainties about the real usefulness of flexibility solutions in the case of
local needs, mainly due to the lack of liquidity they may have in the markets, the competitiveness
of traditional solutions, or the impact on network users. Therefore, it is important to consider
the functioning of DSOs’ activities when doing theoretical analysis, taking care of the
coordination needs, liquidity and considering other non-market-based solutions and implicit
flexibility solutions.
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Non-market-based solutions are a chosen solution in case of low liquidity or immature markets.
There are actions that should help to improve liquidity such as a proper information exchange
among stakeholders, an accurate design of the traded product, an efficient price formation,
considering costs and barriers, etc. Influencing liquidity might improve efficiency. It is necessary
to maintain the perspective that the final objective of these services is to fulfil the needs of the
distribution network at the lowest costs.

Sometimes, conventional solutions are much more efficient than flexibility solutions. Especially
if they are considered in the long term. They are also highly reliable solutions with an adequate
remuneration scheme. Therefore, flexibility solutions have the challenge of maintaining
reliability and remuneration standards. A change should be justified when flexibility is supported
by efficiency gains.
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3 The value of flexibility versus traditional solutions

The second part of this thesis addresses the value of flexibility and its comparison with the
traditional solution, which is the topic in this section and in the second paper of the compendium
that makes up the thesis. This paper is included in Annex 2.

This section is structured into the following subsections. Firstly, the type of methodologies
applied in the literature are analyzed. Secondly, the costs considered to assess the value of
flexibility; and, thirdly, the use cases evaluated are presented.

Regarding the methodology, some references adopt a descriptive approach with no quantitative
calculations. The publications that perform some form of quantitative evaluation can be divided
into: papers that follow deterministic approaches, papers that implement analytical stochastic
methodologies to model uncertainty, and papers that combine stochastic methods with
optimization models. But with a poor approach on the cost analysis. The methodology
framework proposed in this thesis considers a deterministic approach, but it could be extended
to stochastic approaches.

Regarding to the costs considered, most of the references propose a quantification for the value
of flexibility, while some others do a descriptive analysis, only two references [26] and [24]
analyze the costs in greater detail by breaking down the Capex and Opex costs. A gap is found
to make a detailed and comprehensive analysis of the flexibility costs to make an accurate
comparison. Finally, as network flexibility needs are different depending on their driver, it is
necessary to consider the driver that motivates it, i.e., integrating renewables, electric mobility,
demand response, the electrification of other energy uses or a mix of them. The reviewed
literature tends to target a single specific driver, with demand response being the most
commonly studied. Many references do not even specify a driver. Therefore, a gap is also
identified in considering the whole spectrum of drivers and the different needs generated by
each driver.

Figure 10 shows the gaps to be filled in this second stage. Firstly, an analysis of the drivers that
determine the present and future network planning is conducted. Then, a practical CBA
methodology to evaluate the value of flexibility is proposed, including a complete cost
calculation aligned with the real needs in managing distribution networks. This thesis also
selects a set of representative real case studies and draws some conclusions on the real
usefulness of implementing flexibility services in different cases. Conventional solutions and
flexibility alternatives are analyzed, and an economic study of the possible solutions is carried
out. Finally, considering the risks of dealing with more unpredictable parameters even close to
real-time in a more dynamic way of operating the grid, a sensitivity analysis is necessary to
calculate a range of cost-effective conditions for using flexibility.
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Figure 10 Methodology to compare the value of flexibility vs traditional solutions.

3.1 Drivers for grid needs and development

By thoroughly understanding the current and future drivers, which determine the grid's needs,
it is possible to determine whether more focus on certain voltage levels or others is needed, or
certain flexibility timeframes, etc. Also to find a more realistic context to select the real cases to
analyze afterwards, it is necessary to delve deeper into the drivers that trigger the needs of the
DSO. And, with all this, real case studies are proposed that are more in line with the real needs
that make up the challenge of the energy transition.

This section analyzes the drivers that influence investment decisions in network growth or
improvement, excluding investment decisions that are somewhat obligatory and are triggered
by the replacement of damaged components or components that reach the end of their useful
life and are replaced by other components with the same characteristics without representing
an improvement or increase in network capacity per se.

The drivers for determining new investments on grids have historically been based on
predictions of standard consumption profiles. These drivers of steady demand growth, city
planning or new connections requests will continue to exist. As shown in [32], the new needs
for decarbonization of the economy also bring about new drivers that can be broadly classified
into new economic activities, electric mobility, electrification of heating and cooling, resiliency
and other new uses of electricity. This section analyzes the old and the new drivers for network
development. In [33], drivers are identified as "first indicators" referring to a classification in
reliability indicators, economic, coordination among stakeholders that use the grid and
renewable generation connections. In addition to these indicators, future challenges are
addressed.

All drivers are considered at the same level as they impact network developments similarly.
Table 1 summarizes the drivers for grid investments and relates them to their causes and
challenges for grid development.
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Drivers Cause Challenges
Maintaining
supply and reliability

levels

Traditional Ordinary demand growth Increased energy flows in

Drivers the grid.

Extraordinary demand growth New energy flows in the

grid. Urban planning.

Integrate
withdrawals
injections safely

Usually associated
with regulatory
incentives and a

energy
and

Maintain grid reliability Improving

reliability

the system

commitment to
maintaining technical
parameters within
established limits

Environmental concerns.
Cost

Efficiency, and  other

regulatory issues

digitalisation Regulatory
compliance
containing or reducing

cost levels.

Losses  reduction. whilst

reduction.

New Drivers Massive connection of DG Energy flows in both
directions that can generate

new challenges for the grid.

Integrate
sustainable
generation.
planning
required.

New
tools are

New Loads

New economic activities
(e.g. electrification  of
industries, hydrogen

Unpredicted new energy
demands as a consequence of
the shift away from fossil

Identify
unpredicted demands
to do a specific plan

production) fuels and motivated by
policies outside the
electricity sector

Increase  of  energy
consumption  with  the
possibly high-power
requirement but with the
flexibility to charge at
different times

Increase  of  energy
consumption with a certain
flexibility

Frequent
weather  events
from climate change

for the new energy
profile

Incentivise smart
charging strategies.

Electric mobility

Make use of
flexibility potential

Electrification of
heating and cooling

extreme
resulting

Resiliency Maintaining
continuity  of  the
service and reliability

at the required levels

Table 1 Drivers for grid investments. Source: own elaboration.

3.1.1 Traditional Drivers

3.1.1.1  Ordinary demand growth
Demand growth is a very relevant factor in determining grid planning. Especially in developing

countries, electrification is directly linked to economic growth. It is stated in [34] that power grid
infrastructure investment supports the economy. In countries where economic growth is not
sustained, demand growth needs to be monitored because small increases can be significant
when accumulated over several years. This effect can be compared with the boiling frog fable.

Forecasts based on historical data are the first input to consider when planning the network
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needs. Observing the network weaknesses at times of peak network stress indicates what future
weaknesses may emerge. The data from previous consumption peaks must be corrected with
other parameters such as the expected growth in demand or even the season's temperatures.
After the creation of scenarios, typical network analyses are power flow calculations [35], power
quality analysis [36] [37], short-circuit analysis and other dynamic analyses [32].

3.1.1.2  Extraordinary demand and generation growth
Even if there is expected global growth in demand, it is more difficult to predict some criticalities

at the local level. Therefore, it is always necessary to study the impact on the grid of new grid
requirements, both for demand and generation units, individually. Some regulations, such as
the Spanish one [38], manage demand or generation growth due to high or low power requests
differently, and the cost-sharing between the DSO and the user depends on the power
requested. For instance, in Spain, extensions for new demands up to 100 kW at low voltage (LV)
and 250 kW at high voltage (HV) on urbanized sites are covered by the DSO (shallow connection
charges), whereas the connection costs for larger users or those located outside areas are born
by the end-user (deep connection charges) [39]. In any case, requests for new connections
should be an input into the planning of the distribution network.

As a result of city planning, demand growth can also be considered a specific unpredicted
demand for the electricity grid or within the expected growth plans of the existing connection
points depending on the legislation concerning urban planning.

3.1.1.3  Maintain grid reliability
Network reliability is also an aspect that has been historically considered for network planning,

especially concerning transient stability analysis, protective relaying, reliability analysis or
voltage control.

Depending on the incentives that the regulator sets on reliability parameters, the network
planner may give emphasis to this issue. The electricity infrastructure and its quality are
determining factors for the economic growth of an area. In [40], the quality of electricity supply
is quantified as 18% of the quality of the overall infrastructure that impacts economic growth,
although it can be a much higher percentage in certain economic activities. Ensuring adequate
grid reliability requires the regulator to promote network quality improvements with sufficiently
strong economic incentives.

The strong automation of networks in recent years has greatly improved the reliability of the
networks, as shown in [41]. So, these incentives to improve reliability may find in flexibility a
new alternative in which they can progress, and not only through the digitalization and
automation of networks. Flexibility solutions entail an active management of the distributed
energy resources (DERs) connected to the distribution grid on top of the management of the
grid itself. Therefore, for the operation of the Distribution network, the area of action is
significantly expanded, going beyond the network itself. These are also complementary
resources to achieve reliability goals.

3114 Efficiency, digitalisation and other regulated requests
DSOs have traditionally faced additional investment drivers related to energy efficiency

improvements, e.g. loss reduction, or compliance with regulatory constraints. A notable
example of the latter can be found in the need to adapt the network to new environmental
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regulations. For instance, Spanish DSOs had to make significant adaptations to their grids to
ensure bird life well-being due to a new piece of legislation passed in 2008 [42].

At this point, it is relevant to highlight the driver of digitalization, which was fostered in Europe
recently [43]. In short, it is about improving networks to seek efficiency and cost reduction.
While it represents a relevant technological change, it is not a new driver anymore, as
automation and smart meters have become business as usual in the last decades.

3.1.2 New Drivers and impacts on DSO grids

The new drivers impact the development of the distribution networks. Some of these impacts
are difficult to predict due to the uncertainty of the new technologies, their adoption, possible
incentives for different agents, or the difficulties of estimating the cash flows of the investments.
But it is possible to draw some conclusions from certain evidence of phenomena which are
already occurring.

3.1.2.1  Massive renewable distributed generation
Distributed generation, i.e. electric power generation connected to distribution networks or on

the customer side of the meter [44], certainly represents the biggest impact on the grid. The
paradigm shift from power distribution that is generated in a centralized manner and
transported over many kilometers and distributed to consumption points to a new situation in
which generation is connected to the distribution grid itself and the DSO has to manage the
power exchanges between the parties involved and ensure that the grid continues to maintain
reliability parameters. Making forecasts for network operation and planning in the presence of
DG is becoming increasingly challenging. Furthermore, [45] identifies several conflicts arising
from the new paradigm about protection schemes and reliability degradation. Protection issues
such as grounding, reclosing, transformer connections or overcurrent need to be revised. More
controllability is required because of the changes in power flows.

According to [46], distribution network planning and operation face great challenges in
providing stable, secure, and dedicated service under a high level of uncertainty in network
changes. This uncertainty can be overcome with data analytics and artificial intelligence
approaches can extract useful information to construct more accurate network operation
conditions for optimization. The peak load scenarios considered in traditional planning need to
be replaced by a new way of forecasting that handles uncertainties and considers a combination
of scenarios with different load assumptions and different generation assumptions. Parameters
influencing both, such as meteorology, are also relevant inputs. So, there would be a transition
to a stochastic approach in scenario building.

A review of different power distribution planning approaches is carried out in [47] showing the
shift of modern planning towards more integrated, multi-objective, and distributed-generation
integrated solutions with control functionalities, in comparison to the traditional models. By
exploiting the capacity and control capabilities of the DERs instead of just connecting them to
the network (the so-called "fit and forget" approach) can provide optimal planning solutions
with significant cost savings. In this new scenario, it is necessary to adapt the generation to the
grid's capacity at any given moment.

One of the highest costs would be the obligation to reinforce the grid before connecting new
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renewable generation units to maintain the fit and forget philosophy. In [48], special emphasis
on flexible connection and increasing hosting capacity are tools that can accelerate the
integration of renewable energies. Facilitating grid connection is undoubtedly a great incentive
for promoting renewable generation and benefiting society.

Given that there are different types of generation technologies and different types of generating
plants by volume, it is very difficult to predict the real effect on the distribution grid. The effect
of a small solar generation in the low-voltage grid is very different from large wind farms
connected to higher voltage levels. Therefore, the range of possible flexibility services may cover
different alternatives.

Because of the rapid inclusion of a large share of renewable energy into the grid, it is necessary
when planning [49], to consider the negative technical impacts of a high share of renewable
energy penetration, such as uncertainty and variability, but also the need to increase the
flexibility of power system planning and operation.

3.1.22  New Loads
The decarbonization challenge requires the electrification of new loads, being the most

significant industrial processes, mobility, heating, and cooling sectors.

3.1.2.3  Industrial electrification
Alarge number of industries is highly dependent on different energy sources. Since the industrial

revolution, the availability of energy sources was decisive for starting any economic activity.
Many industrial sectors, whose main energy source is fossil fuels, can be electrified [50]. Some
industrial sectors may be electrified directly (low-temperature thermal processes) or indirectly
(e.g., hydrogen). These new businesses may lead to unforeseen increases in electricity demand
[51].

3.1.2.4  Electric mobility
As mentioned in [32], uncertainties in data concerning EV (Electric Vehicle) penetration and

utilization, battery charging criteria and drivers' habits make it difficult to predict and estimate
EV impact on electric distribution networks. Under some assumptions, [52] aimed to predict the
impact on distribution networks in large areas and concluded that significant investments could
be avoided if EV charging is properly managed. Furthermore, considerations were made
regarding the concentration of EV charging in specific areas (clustering) rather than the load
being equally spread geographically. New grid requirements resulting from consumption from
electric mobility are expected depending on the distribution of the chargers and charging mode.

The effect of electric mobility should be divided into different usages. A family vehicle may be
connected to the same low-voltage grid that powers one's home or a similar grid nearby. The
daily energy needs for regular commuting and vehicle parking times indicate that the energy can
easily be shifted to times of higher grid availability. Figure 11 shows an example of this with
great clarity. The energy-related to EV can be easily shifted, while the energy-related to heating
shows less flexibility.
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Example without representative load flexibility measures Example with representative load flexibility measures

Load is shifted from peak
300 hours to off-peak hours
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Figure 11 lllustrative average hourly electricity consumption in the low-voltage grid in

the residential sector (48 houses, with each house having a heat pump and a BEV with

a 3.7 kW single-phase charger) Source: [53]

For work-related transport, recharging times are not easy to cope with, and energy
requirements are higher. Depending on the activity, the requirements change. For example,
urban, intercity, or international transport have very different requirements. Sectoral studies
would be necessary to draw valid conclusions. In any case, the need for higher-powered fast
chargers is foreseen to be supplied along the route.

The case of domestic charging could be located at the low-voltage network, and as suggested in
Annex 1 that reviews the different mechanisms available for DSO needs, flexible tariff solutions
or local markets may allow for efficient grid use.

For fast charging points or high-capacity power charging point, connections to medium and high
voltage distribution grids are expected. Depending on the driver patterns and charging
requirements, this charging mode may provide flexibility to such voltage levels.

3.1.25  Electrification of heating and cooling
As a consequence of decarbonizing these energy uses, traditional fuel-based heating sources are

expected to be replaced with electricity-fueled technologies such as heat pumps. [54], [55] and
[56] conclude that there are impacts in LV grids even with penetrations under 30%. But there
are currently uncertainties regarding the number, size and location of heat pumps and electric
boilers deployed in the future. But as was already the case when air conditioning became
popular in some cities, the proliferation of heat pumps as a substitute for other types of energy
is to be expected.

The electrification of heating with solutions such as aerothermal or heat pumps as an alternative
to diesel or natural gas heating systems is becoming increasingly competitive. Given the nature
of consumption linked to temperature, it is to be expected that these solutions will stress the
entire network from low voltage to medium or high voltage networks. Having to reduce power
when required may create an inconvenience for grid users. Therefore, the flexibility of heating
and cooling depends on the grid users' thermal storage and thermal comfort levels.
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3.1.26  Resiliency
The energy transition in the distribution grid raises two big challenges in terms of grid resilience.

On the one hand, there is resistance to severe weather events, and on the other hand, there is
the difficulty of maintaining an efficient protection system with the proliferation of distributed
generation.

Rapidly shifting extreme weather events resulting from climate change require more robust
electricity grids. Severe storms, windstorms, droughts, or wildfires are sometimes related to
grids or power generation. This can also add costs to the activity. As in the case of the fires in
California in 2019 [57]. As mentioned in [58], power delivery systems are most vulnerable to
storms and extreme weather events. Improving the overall security and efficiency of the power
delivery system helps to hasten recovery from weather-related outages.

To comply with electrical risk protection standards, it is necessary to carry out the necessary
operations and maneuvers to maintain and repair distribution installations. In the energy
transition context, the requirement may be higher as energy sources (e.g. DG, storage) need to
be controlled for opening and earthing as required in [59] for network operations and
maneuvers as in Spain. Therefore, with more generators and batteries in the distribution
network, the operation becomes more complicated, especially in LV and MV, due to the need
to control the energy sources of all distributed generators when setting up the working area in
the distribution networks.

A new DSO role of active management of flexibility also makes it possible to use distributed
resources to improve the network service's conditions. So, even if the operation is more
complicated, more tools are available to maintain the service during challenging atmospheric
episodes. Short-term services based on flexibility, such as congestion management or controlled
islanding, could provide more resiliency to the grid. Also, availability services can be activated in
the short term.

Market-based flexibility mechanisms or bilateral contracts can be useful for short-term needs
resulting from maintenance or fault repairs. Also, other solutions based on network flexibility,
such as dynamic reconfiguration of the network or batteries can improve system performance.

3.1.3 Impact of new Drivers and traditional drivers. Drivers for case studies

This subsection presents the impact that new drivers could have, compared to that of
traditional drivers and how case studies presented in the following sections fit the drivers.
Table 1 shows the drivers related to new industries or new economic activities which are local
and affected by other factors that are difficult to predict. Therefore, in this thesis, only the
most easily predictable drivers are addressed, which are more generalizable across the
network. Attempting to estimate the network impact from unpredictable growth or new
economic activities would be both daring and difficult. For this reason, only four new drivers
are addressed.

Table 2 summarizes each addressed driver, identifying the impacts on the planning process that
would require new parameters or new paradigms, the impacts on the operation of the network,
or new needs, if any, and the voltage level where the impact occurs.
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Drivers

Impacts on planning

Impacts on operation

Location at the voltage level

Massive renewable DG

Transition to a stochastic
approach. New forecasts.

Unpredictability, new
controllability

protection issues.

required,

All distribution levels

Electric mobility

Depending on the charging
modes. Uncontrolled charging
may have a significant impact.

Depending on the charging
modes. Uncontrolled charging
may have a significant impact.

LV for domestic. MV or HV
for fast charge.

Resiliency and maintenance

Design requirements may be
revised and new investment
needs may arise

Controllability needs, short-
term forecasts, new data input,
accurate optimal power flows

All  distribution
especially LV and MV

levels,

Electrification of heating and
cooling

Temperature sensitivity and
Demand growth

None

LV in the first instance

Table 2 Impacts of addressed drivers for grid development on the planning and operation.
Source: own elaboration.

The new drivers and the old drivers studied are not unrelated or mutually exclusive. The
relationship between them is presented in Table 3. There is no one-to-one relationship between
the drivers, as they are all directly or indirectly related. For example, grid reliability or efficiency
is considered when planning the grid to connect extraordinary demand. By correlating the
drivers, the aim is to place the new drivers in the context of the old drivers and how the selected
use cases fit into the new and old drivers.

The massive connection of DG could be assimilated into the traditional driver of preparing the
grid for ordinary forecasted demand. The difference is simply that the share of requests for
generation connection is different. In the same way, the proliferation of requests for connection
of larger generators that require an individualized study is expected, in the same way as for
extraordinary demands due to the greater impact it has on the grid.

From the demand side, in the same way, the new drivers can be classified as the old ones with
the difference in the number of requests referred to certain uses, such as mobility, heating &
cooling, or the substitution of the type of energy used. All of them would fit into the old drivers
related to demand growth. And finally, the issue of resilience is not new either. What is new is
the intensity of weather events due to climate change. So, they may become more prominent.
The network may need to be even more robust. This new driver would fit the old drivers of grid
reliability and efficiency and other regulated issues, depending on the context (regulation,
customer engagement, etc.)

Only new drivers were considered because of the expected importance of the energy transition.
The distribution network is diverse even within the same country with a homogeneous
regulatory framework. Consequently, it is extremely difficult to study representative cases of
the global impact of these new drivers. Therefore, for purely illustrative purposes, several cases
based on real network situations were proposed. These cases are only intended to bring to the
reality of the network and the economic context to which they belong, the potential application
of the new flexibility services intended to face the challenges of the new drivers. “Use case 1” is
related to a new flexible connection for a generation plant, “Use case 2” is related to congestion
management on MV network caused by EV load charging, “Use case 3” is related to the
maintenance of a high-voltage, and "Use case 4” is related to congestion management in LV
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network caused by distributed solar generation.

Traditional drivers

Ordinar . . Efficienc and
Y Extra-ordinary Grid y
demand - other regulated
demand growth | reliability :
growth issues
Massive DG connection Directly related:  [Directly related: (Indirectly (Indirectly related)
Use case 4 Use case 1 related)
Industrial Indirectl Indirectly related
Directly related Directly related (Indirectly (Indirectly related)
processes related)
New New Electro Directly related: . (Indirectly (Indirectly related)
. - Directly related
drivers Loads mobility Use case 2 related)
Heating and Indirectl Indirectly related
R 9 Directly related Directly related ( y ( y )
cooling related)
Resiliency (Indirectly (Indirectly related) Directly Directly related:
related) related Use case 3

Table 3 Use cases selection regarding new drivers. Case 1 (DG connection in HV), Case 2 (EV in
MV), Case 3 (Maintenance in HV), and Case 4 (DG connection in LV)

3.2 CBA Methodology

A simplified analytical methodology for the CBA analysis is presented in this section. The

methodology has several stages, as shown in Figure 12, starting from the type of need, it makes

an exhaustive analysis of the costs derived from the necessary flexibility solution, since the type

of solution depends on the type of need, as concluded in the first paper of the compendium

(Annex 1). Assessing the cost competitiveness of flexibility is not a simple task since, as

mentioned in [60], casuistry is very diverse and highly country specific. Following this

methodology, the competitiveness of flexibility versus BAU is quantified and evaluated.

Afterwards, by selecting use cases related to some relevant drivers in the energy transition, it is

possible to make a comparative analysis of various needs and various flexibility solutions

following the same methodology.

Long Compare Calculate

term :> threshold :> reinforce-

need curve ment cost

Short

term :> Calculate remedial cost z>
need

Figure 12 Comparing BAU and flexibility solutions.

SUDISNOUOD
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3.2.1 Long-term and short-term needs

The needs of the network can be divided into long-term needs and short-term needs as indicated
in Annex 1. For long-term needs, network reinforcements are compared with flexibility services,
considering the risk of not reinforcing the grid. In the long term, when the costs of investments
are calculated and compared with the costs of flexibility, comparable values must be considered,
i.e. annual values. Therefore, the year in which a flexible or reinforcement solution begins and
ends is also relevant because the needs are not the same every year. However, for short-term
needs, the comparison is not made with the reinforcement cost, but with the cost of the
alternative remedial action.

The different steps could include optimization functions, whether for the calculation of the best
reinforcement solution, the calculation of the best flexibility solution, or the calculation of the
network requirements by means of an optimal power flow (OPF). Indeed, all the costs
considered can be studied and optimized. However, there is a preference for separating the
methodology from the optimization methods that may exist in any part of the process, as can
be seen in [61] or [62]. This study focuses on the methodology regardless of the type of
calculation, optimization or type of model used in each step, which can be very diverse.

3.2.2 Traditional solution, Flexibility solution and the third alternative: do nothing

As studied in [60], reinforcing the network or contracting flexibility are not the only options. A
third alternative would be to accept the risks of not contracting flexibility, nor reinforcing the
grid. This concept is relevant because in the first years of a need, the period of the need can be
so short that perhaps the most efficient thing to do is to take the risk of doing nothing.

This risk is difficult to model because it involves making a trade-off between the reliability of the
network and the risk that the DSO wants to or can assume. It therefore depends on its strategic
decisions. However, it is assumed that small punctual overloads in the distribution network are
acceptable and do not affect the useful life of the assets [25]. The longer the duration of the
overload or the larger the overload, even of short duration, the more unacceptable the risk
becomes. This risk can be modelled with a time-load curve similar to the time-current one used
by protective devices [63]. This risk is related to the amount of potential non-supplied energy in
case of failure and the criticality of the consumptions involved.

Also if the overload is under a limit, it might be tolerated by the assets no matter the number of
hours. Thus, either because it is of short duration or because the overload is low, there is the
possibility of doing nothing. Depending on the position of the threshold curve (TC), as long as it
is above the Use Duration Curve (UDC), analogue as the Load Duration Curve (LDC), a certain
value can be chosen. Figure 13 shows the example of a UDC close to the TC that has both zones.
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Figure 13 UDC close to the TC (dotted): There are different zones where no actions are
considered: when being a few hours of overload or when being low overload. Source:
own elaboration.

In the long term, the comparison of the UDC and the TC is used to opt for no action. In short-
term operational needs scenarios, the risk of temporarily overloading certain elements may be
more bearable, especially because there is less uncertainty and less risk of having made a wrong
decision, as the remedial actions that compete with flexibility solutions also have a short-term
duration and can be quickly activated. For this reason, the methodology considers the
comparison with the TC only in the long term.

3.2.3 Costs considered

Obviously, the costs of traditional solutions are not the subject of this thesis. It is a calculation
made in a traditional way and has to do with the cost of the materials, the projects process, and
the labor used. In this study, the costs of the traditional solutions are provided by the DSO, that
are those considered in the investment plans for the long-term timeframe and the costs for
remedial actions in the short-term (normally operating expenses). There are similar calculations
regarding materials and labor used as well, but they are different costs: investments and
expenses.

The difficulty of comparison arises in the cost of flexibility. The calculation of the cost of a specific
flexibility service follows the equation (1). This description is more complete than the one carried
out in [64], which only considers flexibility activation costs. Following the same equation, the
values vary depending on the service.
COStﬁ:x — 01):;0 Op flex + OB,SSO Pl flex + Cf:;.ab flex + Costrl\:l‘i(tflex + COSt,I:_gsgﬂex(l)
Where:

o Cost!'*

OPEX.
° 0220 Op flex

is the annual cost (year n) of using a flexibility service s, including CAPEX and

is the OPEX Operation cost (year n) for the DSO in year n of using a flexibility
service.

. Ozio PLIlex is the OPEX Planning cost (year n) for the DSO in year n of using a flexibility
service.
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Cﬁﬁ“bﬂe" is the CAPEX Enabling cost (year n) for the DSO in year n of using a flexibility
service.

Cost,“ﬂ‘tﬂex is the Market cost (year n) of using a flexibility service.

Costﬁipﬂex is the payment (year n) to the FSP for proving a flexibility service, including

both CAPEX and OPEX as there is an investment to be made by the flexibility provider.

Figure 14 shows all the type of costs considered for every part of the equation (1).

Operation DSO costs

OPEX

.

Grid Prequalification
Cost-Benefit Analysis of
alternatives

Real Time monitoring
FSP registration

Billing

Managing meters

CAPEX

Operation platforms
Data Management
Flex. Needs Calculation
Forecasting and
scheduling

Metering services

FSP Datahub

Baseline management
Settlement tool
Communication

Planning DSO costs

OPEX
* Definition of flexibility

areas to make the
flexibility procurement
Cost Benefit Analysis of
alternatives with
different nature
Tender procedure for
the acquisition of long-
term flexible services

CAPEX
* Long-Term Flexibility

Needs calculation for
network development
planning

Planning Platform
Definition of scenarios
(y+1, y+5, y+10)
integrating flexibility
resources

Figure 14 Flexibility costs considered in the CBA
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.

Operation platforms
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Data acquisition from
DERs
Communications
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Some of these costs are related to the number of hours of activation, some others to the number

of FSPs involved, the number of connection requests, or the labor cost. The study finds

proportionality with the hours of activation and with the number of FSPs, but the costs of each

part of the process are input data. By taking reference data, it is possible to obtain formulas

related to each of the realistic use cases to make the comparison considering the sensitivity to

certain parameters.
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3.3 Case studies for evaluation of flexibility solutions.

The four realistic grid scenarios selected from the energy transition drivers are shown in
Figure 15.

Case Study 3:

Case Study 1: Massive DG Maintenanceof a high-

Case Study 2: Electro- Case Study 4: Massive DG

connection LV

connection HY mobiliy

Need: Congedions.
in long-term

Network: 132kW

Need:Congestions.
inlong term

MNetwork: MV urban

voltage line

MNeed:Congestions.
inshortterm

Need: Congestions
inlong term

MNetwork: 132kWV Network: Secondary

subtransmission T s subtransmision substations MV to
meshedgrids & Sre meshedgrids LV
Solution: Solution: Solution:
- _ Congestion Congestion Congestion
%Lfrﬂnég;:me management management management
[{market or [marketor [marketor
agresment) agresment) agresment)

Figure 15 Case-studies selection: Case Study 1 (DG connection in HV), Case Study 2 (EV
in MV), Case Study 3 (Maintenance in HV), and Case Study 4 (DG connection in LV)

All four case studies are based on network situations with realistic parameters from Spanish
grids and are compatible with the values in the JRC DSO Observatory publications [65], [66] and
[67].

Regarding large-scale distributed generation (DG) connection, two scenarios are chosen for the
two renewable technologies that have proliferated the most: photovoltaic generation (Case
Study 4 in Figure 15) and wind generation (Case Study 1 in Figure 15). These are the two most
relevant technologies in the case of Spain, where the National Energy and Climate Plan (NECP)
[68] foresees 62 GW will come from wind energy and 76 GW from solar photovoltaic. Both
technologies already represent a high installed capacity in 2022 (27.5GW of wind and 13.6GW
of PV). Photovoltaic capacity increased almost 3 times in Spain in four years [69], and wind
generation connected to the distribution grid has become the first source of electricity in the
country [70].

In the case of electromobility (Case Study 2 in Figure 15), the number of vehicles increased
fourfold in the last four years [71] and the NECP also foresees a boost for electric vehicles [68].
This rate is higher than the electrification of other processes or heating and cooling. The
resilience case (Case Study 3 in Figure 15) completes the list of case studies considering a short-
term need in the network caused by a temporary asset unavailability. This situation is not new,
although it may be more frequent with climate change in the case of extreme events.

The traditional solutions are compared to the corresponding alternatives with flexibility services
and analyzed from technical and economic perspectives for these four case studies.

3.3.1 The example of case study 1: New flexible connection of renewable generation

As an example, this subsection shows the case study 1 (new flexible connections). As discussed
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above, allowing the connection of more generation capacity than the grid can evacuate at any
time without reinforcement requires Active Network Management (ANM). A flexible connection
[72] requires a service from the DSO, which would go to "no-fit, don't forget" and would require
monitoring and control of the limits on the power injections and withdrawals by the DSO.

Some ongoing pilots are considering ANM with different approaches such as in [73] or [74] in
the United Kingdom. Limitation control and active management are carried out automatically
and require some investment to automate the execution of the algorithms. Note that limitation
control can also be done manually in those cases where the investment in automating the
solution is not more efficient than the manual solution itself.

The case of manual management is considered as an example. Due to the high penetration of
generators in an area, there is a risk of overloading a 132kV sub-transmission line, which is
occasionally open to avoid energy transfers that may occur when the 400kV line is open. In this
case, where the transmission line runs parallel to the distribution line without any branches, the
operations of TSO and DSO require special coordination. Any maneuver in the network should
not cause congestion at any level. That is why a request for the connection of a new 50MW
generator as shown in Figure 16 would require building a grid reinforcement in the 132kV
network. The reinforcement required is costly, and the execution time is long, amounting to
several years. This situation exceeds the thermal limit set for that system by 7.5MW. Therefore,
there is a possibility to allow this wind farm to connect before building the reinforcement while
the thermal limit is monitored and not violated by the impact of the wind farm by doing active
management of the generation.

TSO

DSO

Figure 16 Case-study 1: Grid description

To maintain the reliability levels of the network and not jeopardize the current lines, the BAU
solution would be:

- Construction of a 132kV to 20kV substation for power evacuation (this reinforcement is
necessary to connect to the grid in any case, therefore considered out of the comparison)

- Construction of two 132kV lines with a total distance of 30 kilometers: 30km x 183,547€/km
(code TI-1UX in [75]) = 5,506,410€
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- Modification of substations to connect the new lines. 2 Bays 132kVx 413,270€/bay (code TI-
91U in [75]) = 826,540€

Then, the costs for a new connection with the BAU approach would be 6,333,000€.

The lifetime of this investment is 40 years [76] and annualizing the cost considering a WACC of
5% gives an annualized cost of 369,075.59€.

According to the framework in Annex 1, the case of the flexible connection is based on a bilateral
agreement. This agreement establishes the periods in which power curtailment is necessary to
ensure compliance with grid requirements. These periods must be agreed based on a long-term
forecast, as it is intended to be compared with a reinforcement of the grid.

By sorting the hours of one year from highest load to lowest load in descending order, the hours
in which a solution is necessary are obtained. These hours are the ones exceeding the maximum
of the 132kV line capacity, considering the generation and load curve in the energy flow in that
line. This analysis results in 68 hours of curtailments of 7.5MW during working days. The
resulting curtailment would be based on the actual needs and for all hours when congestions
are forecasted. Following the methodology, the first step is the comparison with the threshold
curve. Figure 17 shows the number of hours per year that are needed for wind generation to be
curtailed. All of them are above the threshold curve. In this case, the use duration curve and the
threshold curve intersect only once.

Load (MW)
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Figure 17 Case-study 1: Load Duration Curve in blue of a 132kV line for one year.
Calculation of the hours to be curtailed. The threshold curve can be seen in grey in the
zoom. Source: I-DE (Spanish DSO)

The annual cost of the flexibility service is assessed based on the methodology explained above.
CAPEX costs are mainly sunk costs in terms of DSO and the market platforms. Annual operating
costs per FSP (Figure 14) are considered as Prequalification (2.5h), Registration (2.5h), Planning
costs as Cost Benefit Analysis (10h) and Definition of scenarios (10h). Annual operating costs per
activation hour are: Monitoring (1h per activation h), Billing (1h per activation h) and Needs
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Calculation (1h per activation h). All costs are based on person-hours. An automated solution
would only be incorporated if it is more efficient than a non-automated solution. The value of
hours was based on [77], considering the salary of an industrial engineer newly recruited plus
corresponding employment charges in Spain [78].

In this case, a market is not necessary. Finally, in terms of Aggregation and FSP costs, operational
expenses for monitoring and energy costs and some investments in communications and data
acquisition are considered (200€ from the values used in CoordiNet [79]).). Despite the volatility
to which the electricity market may be subject, a reference was sought and a price of energy of
40€/MWh was considered as in [80].

With all this:

et 40000€
Costi“=(1+1+14+2)h X ———F

oo T A0E/MWh X 75MW = 413.63€

fop 40000€
Cost]™ = (2.5 +2.5+ 10 + 10)h X = + 200€ = 768.18€

From the UDC curve, the constants A and B are calculated:

160.17—-P 160.17—-P

Cost’* = e 9531 x Costi + Cost!"P =e 9531 x 413.63 + 768.18 = 28,722.56€

Table 4 summarizes the assessment of the case 1 (DG connection in HV).

Business As Usual: Alternative with a
Reinforcement flexibility service
Investment Hours of Annual
Years | Annual cost e
cost activation Cost
6,333,000€ 40 | 369,075.59€ 68 28,722.56€

Table 4 Costs assessment for new flexible connections

The solution with flexibility is clearly cheaper, only a significantly lower reinforcement cost could
reverse this situation. Another benefit associated with this solution is the anticipation of the
connection during the period when the reinforcement is being executed. In this case, it is
necessary to consider the life span of the generation facility itself, the grid extension to connect
such a facility and the corresponding reinforcement. The value in producing earlier in time could
be significant. For instance, for a 1500h/year production of 50MW, even with curtailment, at an
average price of 30€/MWh it would mean 2.25M€ per year.

3.3.2 Results for all the realistic case studies

Calculations for all the realistic case studies can be found in Annex 2. Results are summarized in
Figure 18. These results show that flexibility presents a different value depending on the case
studies considered and that, under certain circumstances, traditional solutions can be more
competitive than alternatives with flexibility services. Flexibility mechanisms can be particularly
attractive solutions for new flexible connections (Case 1 (DG connection in HV)) and to ensure
grid security during planned maintenance works (case 3 (Maintenance in HV), and Case Study 4
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(DG connection in LV)). Moreover, flexible solutions can be useful while the reinforcement is
being built as it may temporarily be the only solution (Case 2 (EV in MV) and Case Study 4 (DG
connection in LV)). Network reinforcements in the distribution network have a long lifespan and
provide reliable service to thousands of customers. However, flexibility services can be useful
for accelerating decarbonization with flexible connections or as short-term solutions to manage
the distribution network operation.

Figure 18 Realistic case-study results

Following the analysis carried out, certain parameters can vary greatly and induce a sensitivity
analysis, such as the hours of activations of a flexibility solution, the implementation and
operating costs for the DSO, the value of lost load or the remedial actions, the cost of
reinforcements, or the cost of energy whose magnitudes determine the true value of flexibility.
The values taken in this thesis try to be realistic and reflect situations as real as possible
considering the expected penetration of distributed energy resources. Illustratively, Figure 19
shows an example of the analysis with the hours of activation. Case 1 (massive DG connection
HV) turns out to be quite sensitive with respect to the hours of activations, finding a break-even
point close to 210 hours. This is because flexible connections are designed for cases in which the
peak of need is reached in a few hours a year. For the rest of the cases, a greater insensitivity is
observed, although a number of hours greater than 80 hours also makes cases 2
(electromobility) and 4 (massive DG connection LV) unfeasible. Case 3 (maintenance of a HV
line) is uniform by increasing the number of hours, but it is a different case, since what is valued
in this case is the duration of the scheduled outage and it is compared to the interrupted supply.
It is unreasonable to consider hundreds of hours in this case because this maintenance takes
less than 10 hours every three years.
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Figure 19 Sensitivity analysis of flexibility cost (x1000€) against the hours of
activations.

A similar sensitivity analysis for the CBA with respect to other parameters is conducted and
shown in Annex 2. The net value of flexibility (benefits minus costs) and its variation with respect
to the energy price are also analyzed. It follows that the break-even point of Case 1 (DG
connection in HV) is reached with a high value, which makes it cost-effective, and that of case 4
(DG connection in LV) with a value close to zero, which makes flexibility hardly viable in this case.
Cases 2 (EV in MV) and 3(Maintenance in HV) are insensitive to the price of energy.

Another interesting sensitivity analysis tackles the variation with respect to the labor cost of the
DSO in hours. This depends on the efficiency of the process and the digitalization and
observability of the network, which allows the process to be automated and less costly without
losing reliability. In this case, the conclusions are similar to the variation with the hours of
activation. While it is true that this cost is not likely to grow with the maturity of the solution,
but to decrease. Therefore, if the operational labor cost decreases as expected cases 1, 2 and 3
will continue to be viable. The viability of case 4 (DG connection in LV) depends on other
variables such as the energy price.

It is also important to consider reinforcement costs (BAU cost) for new flexible connections and
congestion management. In the case of flexible connections, the margin is very wide due to the
low cost of activation. But in the case of congestion, the BAU solution must be very expensive
for the flexible solution to be more efficient.

Throughout the study, the importance of considering all types of costs and not neglecting any
that may be relevant to the viability of the solution is demonstrated. There are also sunk costs
that need to be considered when studying the whole solution, but not to assess a specific
flexibility application within a limited network area. For an FSP, the uncertainty of how often a
service is required is also a barrier to investment. The cost of this uncertainty is not handled in
the presented studies. The necessary information exchange and the transparency of the agents
involved can alleviate this uncertainty. The grid congestion maps published by DSOs in Europe
are an example of it ( [81], [82], [83]).
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3.4 Conclusions on the value of flexibility versus traditional solutions

A methodology to evaluate flexibility costs is proposed to make an exhaustive description of
the flexibility costs, both OPEX and CAPEX of each of the stakeholders involved, providing
formulas that simplify their study and a method of comparison depending on the needs’ type.
Then, an analysis of four representative and realistic case studies in Spain, accurately selected
starting from representative drivers, is conducted to compare business-as-usual solutions with
flexibility alternatives.

One of the conclusions is that flexibility services are highly case-dependent and they do not
always outperform the traditional alternatives. Following the analysis carried out, certain
parameters can vary greatly and induce a sensitivity analysis, such as the hours of activations of
a flexibility solution, the implementation and operating costs for the DSO, the value of lost load
or the remedial actions, the cost of reinforcements, or the cost of energy whose magnitudes
determine the true value of flexibility. Therefore, it is necessary to address a wide range of
parameters before taken a decision. The values taken in this thesis try to be realistic and reflect
situations that are as real as possible considering the expected penetration of distributed energy
resources.

The difficulties in obtaining real and reliable data to estimate costs are limitations of this
research, not only for the access to the information but also for the immaturity of the process
when identifying flexibility costs.

Overall, as case study 3 (Maintenance in HV) showed a more evident benefit, it can be concluded
that the paradigm shift of flexibility services may be especially useful from an operational
perspective, as it better exploits network potential in the short term. Case study 1 (DG
connection in HV) allows concluding that flexibility services can help accelerate the integration
of distributed renewable generation through flexible connections. The long-term use of
flexibility requires to thoroughly assess each need to establish whether it can compete with BAU
solutions considering their reliability, duration and the number of customers involved. But given
that the needs of the network are progressing over time, flexible tools are valid to postpone
investments for a few years as long as the number of hours of activations required is limited.
Probably, when flexibility solutions are more mature, costs could be lower, markets would be
more liquid and this substitution may be more evident in the long term.

As mentioned above, after analyzing the sensitivity of some parameters, the result of this study
indicates that the number of activations or the cost of flexibility management are relevant. This
is understandable because the number of activations, as in Case 1 (DG connection in HV), can
significantly influence the cost of the flexible solution. And if it is a flexible solution that's
expensive to manage, it's also logical that it will affect the CBA.

A wider range of use cases studied considering all costs faced by the different flexibility providers
with the same methodology, would help to make informed decisions. Alternative methods to
assess flexibility potential could provide more accurate estimated costs when the quantity and
quality of data provided is enough.
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4 Analysing the need for TSO-DSO coordination

To complete the study, a critical step in the mechanism selection flow presented in section 2
and related to the TSO-DSO coordination is also reviewed. This is addressed in the third paper
of the compendium that makes up the thesis. This paper is included in Annex 3. As concluded in
[84], interoperability between TSO, DSO and DER actors must be redefined and adapted to
accommodate the evolving energy landscape. Coordination can be understood as 1) an
exchange of information or technical requirements to operate safely [85], which in this thesis, is
referred to as minor coordination; or 2) a mechanism by which responsibility and decision-
making in operation are shared, hereby referred to as major coordination. The research question
in this thesis is about when major coordination is necessary, at which TSO/DSO voltage levels,
and for which TSO services, and, if necessary, what is the minimum size of the operations that
need coordination.

Local flexibility markets allow DSOs to perform more efficient planning and operation of their
networks. But TSO-DSO coordination is needed in any new process that could interfere with
their responsibilities as transmission grid operators or with those responsibilities for balancing
and stability of the electricity system. For this reason, this thesis presents a revision of potential
coordination needs and representative case studies to evaluate the possible impacts of
activation of flexibility in local markets in those TSO responsibilities.

4.1 Methodology to study the impact on TSO responsibilities of DSO
operations

Figure 20 shows the methodology used to identify the coordination needs between
Transmission System Operators (TSOs) and Distribution System Operators (DSOs) when
implementing local flexibility markets. The process helps understand when TSO-DSO
coordination is necessary, considering different types of needs, timing, and voltage levels. It
involves splitting scenarios and addressing each separately to conclude differently for every
case. Depending on the type of network, the timeframe, and the potential impact on TSO level.
The potential coordination needs are classified considering timing and voltage levels, followed
by selecting scenarios where major coordination is required.
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Figure 20 Methodology followed to study the impact on TSO responsibilities of regular
operations in the DSO networks.

The methodology includes evaluating the effect of DSO operations on the transmission network
and comparing it with current ordinary scenarios to provide a realistic perspective. In the first
steps (1, 2, 3, and 4 in Figure 20), the necessary information is obtained to properly classify the
type of need depending on coordination requirements, associated with specific requirements of
a flexibility product (e.g. [20]). The type of network is relevant to have a reference for the size
of the power flows managed at each voltage level. A three-phase LV line in Europe is typically in
the load range of several tens or hundreds of kW depending on the ampacity of the cable [22].
In the case of the MV network, they can be up to 7 or 10 MW following the same reasoning. As
a benchmark, the MV feeder type averages 10,5MW capacity considering the total power
installed in secondary substations in each feeder [79]. The procurement timeframe selection is
also needed to characterize the DSO need: long-term [from years to months], weeks to day-
ahead procurement, or intraday procurement / real-time.

In each country, the limits of responsibility of TSOs and DSOs are different (TSO-DSO border
level). To establish a methodology useful for any circumstance, it is necessary to consider the
different types of borders. In this sense, as shown in Figure 21, three different levels are
considered.
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Figure 21 Possible TSO/DSO voltage responsibility borders considered

4.2 Services and responsibilities of the TSO potentially affected

In this subsection a list of the services and responsibilities of the TSO that may be affected by
the needs is studied. As presented in [86] and [87], TSO services can be classified according to
the needs:

Frequency services, including all the balancing needs [88]: Inertial response, Fast frequency
response—FFR, Frequency Containment Reserve—FCR, Automatic Frequency Restoration
Reserve—aFRR, Manual Frequency Restoration Reserve—mFRR, Replacement Reserve—RR,
and Ramping.

Non-frequency services: Congestion Management (Corrective, Predictive), Voltage Control
(Steady-State VC, Dynamic Reactive Power), Systems’ inertia and stability (Synchronous Inertial
Response—SIR, Fast Post Fault Active Power Recovery—FPFAPR, Dynamic reactive response—
DRR), and System Restoration (Black-start capability); and System Adequacy (Last-resort tender,
Strategic reserves, Capacity mechanisms).

4.2.1 Frequency services

Long-term flexibility solutions include long-term contracts used for assuring the availability of
flexibility reserves with an activation market near real-time [89] [90]. Regarding frequency
services and balancing services, the timeframe is Day-Ahead and Real-Time. So, for the Long-
Term in any type of network and border between DSO and TSO at any voltage level, the impact
is considered negligible. Only minor coordination might be required to consider the participation
of some DERs in frequency services for the long term.

Regarding the Day-Ahead timeframe, a null impact on the balance is possible if the local
flexibility market is cleared before other markets to integrate it into the offers for other markets.
Flexibility activation certainty before the wholesale markets' timeframe makes minor
coordination possible, as activations can be incorporated into the market positions. In addition,
the impacts on the balance have no relation to the TSO-DSO border level.

Many inertia and stability services are based on availability activated if necessary. The
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availability service itself does not have conflicts. In the necessary data exchange, the DSO should
have the information of such availabilities. Rotor Angle Stability solutions are expected to be
activated in real time. There could be an expected conflict in the case that DSO activates in real-
time a congestion service in the opposite direction to stability services deployed by the TSO, for
which the TSO would have to activate further services to compensate for the DSO service
activation. Presumably, this scenario would not happen without the proper information
exchange.

In any case, although this exchange of information is desirable, it is expected that the activation
of inertial services, the duration of which is few seconds or less than one second, does not affect
the capacity of the distribution network beyond compatibility with the protection system. In
some cases, the short duration of inertial services would not even be sufficient to trigger the
action of the protections. Therefore, this exchange of information would take place especially
to enable this coordination. Although the Real-Time and Day-Ahead timeframe is indicated to
perform this check, because it would be sufficient, it could also be given in the Long-Term.
Because of that, Day-Ahead and Real-Time scenarios were selected for minor coordination.

4.2.2 Non-frequency services

Congestions may cause a degradation of assets such as transformers or lines [91] or put the
system in danger, therefore the redispatch of resources is required to avoid them. Managing the
meshed network at different voltage levels always requires some coordination as the impacts
are propagated. Meshed networks operate considering the upstream voltage level and vice
versa. In Europe, it is mandatory to share the data of the observable grid among network
operators [92] (e.g. structural data, scheduled unavailabilities and real-time data). Therefore,
regarding Congestion Management, TSO-DSO coordination might be needed to seek mutual
approval and consider cross-impacts in the Weeks to day-ahead, Intraday and Real-time
timeframes, which are the regular operations timeframes in distribution grids.

The range of power magnitudes in MV or LV individually does not condition the operation at
(EHV) level, even less in long-term projections. Being a transmission network, a load variation of
less than 1% in the most affected asset could be expected. From hundreds of MW to around
1MW, considering simultaneity and meshed topology ( [93], Annex 1). However, in case the
border is at MV level and the HV/MV transformer belongs to the TSO which is not common
practice (e.g. in France and Italy, where the TSO/DSO border is at MV level, HV/MV transformers
belong to the DSO), this range of power might occasionally condition the operation of the
transmission grid and major TSO-DSO coordination would be needed.

Regarding the TSO services related to Voltage Control, its activation must be specific to the
operation of each network and any interference activating resources connected to other SO’s
grid must be coordinated, as proposed in Art. 29.9 Reg. 2017/1485, [92]. In the same way, as in
congestion management, operational coordination is necessary in Real-Time and Day-Ahead. In
[94], a market-based TSO-DSO coordination scheme is proposed for voltage regulation. For that,
the DSO is given priority in using DERs to solve distribution network constraints, however,
significant flexibility remains for the TSO even during periods of peak demand and maximum
export. Voltage control refers to a specific geographical location, voltage level, and system
operator [91], it must be managed by local mechanisms. Any shared decision-making would only
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be in limited circumstances.

The coordination approach is similar to that of congestion management, since, although the
priority must be established by the DSO before delivering flexibility services to the TSO, it is
necessary to consider the overall result to obtain an optimal solution. In [95], this approach to
overall efficiency is addressed. In it, TSO-DSO coordination approach is proposed for voltage
regulation showing results of a Greek case study to leverage flexibility from distribution grids for
over-voltages in the transmission grid.

Thus, with the same rational, TSO-DSO coordination might be needed for the Meshed Operated
Grid to seek mutual approval and consider cross-impacts in regular operations (Day-Ahead and
Real-Time), but not long-term. For the Radially Operated Grid Scenarios the range of power
might condition the operation of the transmission grid only for borders at the MV level. Only in
those cases major TSO-DSO coordination would be needed.

Regarding System Restoration, large disturbances can cause total or partial blackouts of power
systems. Traditionally, power system restoration starts from a neighboring power system, but
the proliferation of distributed generation resources enables parallel islands within the outage
power system that could be connected gradually to the transmission system [96], [97]. Such an
approach requires that islands within the distribution system can be successfully started up and
operated in a stable manner, needing, in turn, a long-term planning to deploy the capacities and
infrastructure to do that. That is why long-term data exchange may be needed. But logically,
local needs for DSOs that trigger flexible solutions would not have any interference with the
System Restoration Procedure.

System adequacy is part of the long-term grid planning procedure based on a deterministic
criterion under which the sum of the total firm generation capacity should be higher than the
expected peak demand plus a security margin. The firm capacity assigned to each generation
technology is calculated depending on its availability to supply the peak load by applying a
derating factor to the installed capacity [98].

There must be coordination between the planning of transmission and distribution networks
(e.g. Art 55 [99]) and alignment, and especially in the scenario of decarbonization and
electrification necessary to address the needs of the energy transition. Moreover, the
application of flexibility solutions in DSOs' investment plans, as indicated in the European
Directive [2] requires information on the flexibility services needed in the medium and long
term.

The influence of flexibility on the long-term planning of the electricity system is still unknown
[100], although long-term tenders to defer investments in the distribution network may become
relevant [90], [101]. However, as mentioned for radially operated grids, the objective of this
thesis addresses only the need for coordination in the operation stage. As in the previous case,
information exchange at the interfaces would be sufficient to perform coherent operational
decisions (minor coordination).
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Table 5 shows a summary of the coordination needs according to the impacts produced by the
activation of local flexibility by DSOs. The impact assessed here refers to an aggregated impact,
not a one-off use of local flexibility. There might be a need for major coordination in the cases
of congestion management and voltage control as local needs for Day-Ahead and Real-Time, in
the cases of a mesh network when the TSO/DSO border is in HV or EHV, or in the case of a radial
network when the border point is in MV.

EHV border level HV border level MV border level
DSO need at radial | DSO need at meshed | DSO need at radial | DSO need at meshed | DSO need at radial
network network network network network
Long- | Da Real- | Long- | Da Real- | Long- | Da Real- Long- | Da Real- | Long- | Da Real-
TSO services g Y 9 Y 9 Y 9 y 9 Y
Term Ahead | Time | Term Ahead | Time | Term Ahead | Time Term Ahead | Time | Term Ahead | Time
Frequency
i v v v v v v v v v v v v v v v
services
Congestion o ® o
o v v iv| v| ® v i v| v|v| @ v| @
Management Case 1 Case 2 Case 3
Voltage
o v v|iv| v| @€ | e v | v | v v e e v e e
Control
Inertia and
o o v v @) v v @) v v @) v v @) v v
stability
System
v 0] ¢) v [¢) ) v [¢) [¢) v [¢) ) v o )
Restoration
System
v 0] ¢) v [¢) ) v [¢) [¢) v [¢) ) v o )
Adequacy

0. Major coordination may be required; ¥ : Minor coordination required (Only data exchange); O: No operational coordination needed

Table 5 Coordination needs and the impacts produced by the local flexibility activation by DSOs.
(Highlighted in red are the three cases studied)

4.3 Case Studies with different TSO-DSO boundaries

Applying the methodology in section 4.1, after selecting the scenarios of a potentially relevant
impact, a comparison is carried out in step 7 (Figure 20) to distinguish whether that need
requires minor or major coordination. This step aims to make a real approximation to the impact
of the activation of flexible resources that can be compared to the impact of an equivalent
switch operation of the distribution network on the transmission network. If a DSO operation
that currently occurs has an analogous effect and a negligible impact on the TSO network, the
same effect has the activation of the flexible resources by the DSO. For that, a grid model in
which a power flow can be run may be selected, and according to the specific border level (EHV,
HV or MV), a certain amount of power change is evaluated to see the effect it has on the
transmission level. Considering the type of network in which the need occurs, the most
appropriate way to reach realistic conclusions is to take an amount of power expected at that
voltage level.

The methodology described in the previous paragraph is applied to a Spanish electrical system,
generating three different case studies with the same electrical system, but considering
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different TSO-DSO boundaries. The selected electrical system has a total peak load of 2697MW
and 2.34 million customers. The load is progressively increased by different steps and repeating
the power flow to see what could be expected after some years. The results of the power flow
studies are processed to check loads before and after the equivalent switch operation and
register the number of overloads exceeding 50%, 66% and 100% in the transmission system.
Specifically, keeping the load below 66% is considered a benchmark of compliance with the N-1
contingency [102] (ensuring stability in the event of failure of any element) required in the
meshed network. The comparison of the number of overloads after and before the operation
provides insight into the effect of the operation on the transmission network. The aim is to
obtain some thresholds from which greater coordination is necessary or not. These three cases
are chosen from those cases where a potential need was foreseen (Table 5).

Figure 22 shows the results of applying the methodology to Case 1, corresponding to a border
level at EHV level (DSO operating 132kV), which interrupts 48MW (at normal peak load) of a
132kV line, forcing it to redistribute the load in the transmission network. On the x-axis the
different load levels are considered, reflecting on the y-axis the number of lines or transformers
of the TSO grid overloaded. The curves represent the situation after and before the equivalent
operation. The number of branches over exceeding 50%, 66% and 100% are registered after and
before the equivalent switching for all the load levels considered (ten increasing steps until the
load is doubled). In this case, the equivalent swich operation is an opening operation that breaks
the mesh of the network. The number of overloads is similar after and before switching for all
the load levels considered. In short, these operations do not compromise saturations in the
transmission network.
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Figure 22: Number of branches exceeding different percentages of capacity in scenario
1 (DSO operating 132kV and TSO operating 400kV)

The results in case 2 and case 3 are similar, concluding that local flexibility activation by DSOs is
expected to significantly impact TSO responsibilities when managing large power changes in the
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short term. Currently, load variations under normal operations in radial networks reach close to
5-8 MW (equivalent to one MV feeder) without requiring specific TSO-DSO coordination. Local
flexibility of such magnitude should not require additional coordination either. Only when the
TSO/DSO border is at MV, as it is a radial network, the power flow goes through another HV/MV
transformer, the capacity of this HV/MV transformer must be considered. In the case of the DSO
operating the 132kV grid (EHV border) as in Spain, moving a volume close to 50MW has almost
no impact. Operating the 66kV grid (HV border), moving a volume close to 15MW has no impact.

Coordination between DSO and TSO could be mainly reduced to real-time information exchange
without constituting additional coordination barriers, extra approvals, or compliance with
unnecessary technical requirements.

These studies help establish thresholds for when significant impacts occur, suggesting that major
coordination in this area is needed for power changes over 50MW at 132kV or over 15MW at
66kV. The findings indicate that minor coordination is generally sufficient for most DSO
operations, as they do not significantly impact the transmission network. Major coordination is
reserved for scenarios involving substantial power transfers. The area considered is significant
because it corresponds to the 8,6% of the Spanish peninsular demand, being similar to other
areas. However, similar studies could be conducted in other areas to establish global thresholds
when possible.

4.4 Conclusions on the need for TSO-DSO coordination

TSO-DSO coordination can take place over different a range of services, network levels and
timeframes. A comprehensive list of case studies considering all these relevant characteristics
were assessed to detect major coordination needs (the type of coordination by which
responsibility and decision-making in operation are shared) and then compared against
conventional operating conditions that nowadays do not require any TSO-DSO major
coordination. All possible TSO impacts are screened considering all services TSOs manage. If the
volume of flexibility activated by DSOs is in the same order as current operational practices
minor coordination (consisting of a simple exchange of information) is enough, and additional
coordination would not be required. Coordination is less necessary for variations imperceptible
to the TSO.

This methodology is worth assessing a specific DSO need. Therefore, to evaluate a spectrum of
needs, it is necessary to reproduce the methodology as many times as necessary. A
systematization of the process that allows a greater spectrum of scenarios and needs to be
related would also allow for a broader map of coordination needs.

The methodology assumes a network with an expected significant load increase due to the
electrification of energy demand and considers different demand scenarios. All different
scenarios are investigated by identifying all possibilities in which coordination would be
necessary; and from the proposed quantitative analysis, the threshold and the circumstances
beyond which such major coordination is necessary. It is concluded that local markets would not
impact the transmission network if they were not dedicated to the short-term management of
the meshed distribution network. In addition, the necessary major coordination is limited to
short-term scenarios in which the meshed networks move significant volumes. According to the
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cases analyzed in the studied area, representative of 8,6% of the peninsular demand in Spain,
this threshold could be set at 50MW with a TSO/DSO border at EHV or above 15MW with a
border at HV. Similar studies could be conducted in other areas to establish global thresholds
when possible.

On the other hand, statistically representative values were chosen based on confidential data
from the operations carried out by a control room with 2.34 million customers over 20 years.
Since the size of the operations is a structural condition of the network, a stochastic analysis was
not carried out. However, while MV size of operations has a more stable annual volume, data
availability from HV and EHV networks are very different each year. Therefore, given the
stochastic nature of the number of operations, future research could check if an increase in the
number of DSO needs would affect the thresholds or how a change in the size of the operations
or new technological developments would change them. For example, how the digitalization of
networks could help reduce the size of operations and the coordination thresholds. Further
research could also address the study with networks in scenarios with the proliferation of
distributed generation or distributed storage.

These findings should help remove the constraints and barriers for flexibility providers to meet
the criteria imposed by TSOs to participate in their services and provide flexibility with less strict
requirements that could generally be the case of DSO services. Moreover, it would allow DSOs
to have greater versatility to tailor flexibility services to providers' capabilities, thereby
unlocking a greater volume of flexibility.
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5 Regulatory Recommendations

The design of local flexibility procurement is being reviewed by national regulators.
Furthermore, as mentioned above, the Network Code on Demand Side Flexibility, which lays
down the requirements in relation to demand response, energy storage, distributed generation
and demand curtailment rules, is being conducted [3], [4], [5]. Therefore, regulatory proposals
on the topic are timely and necessary for a more accurate implementation. The
recommendations are divided into the three main contributions of the thesis.

5.1 Regarding the decision framework.

As shown in section 3.1, in the complex world of a Distribution System Operator (DSO), the needs
are very diverse in the timeframe and the challenges they face. They are as diverse as the areas
and the locations the DSO supplies. Many considerations, such as anticipation or real-time
needs, voltage level, active or reactive power requirements, play a part, making it clear there is
no one-size-fits-all flexibility solution. The incorporation of flexible solutions would therefore be
about enabling the toolbox of flexibility mechanisms mentioned in section 2.1 so that the DSO
can select the most appropriate one.

As concluded in section 2.2, among the different tools available, local markets can provide
optimal solutions when liquidity is high. Local DSO markets could work under those premises,
but illiquid situations are likely to occur until these markets become mature. What is more, lack
of liquidity may even be persistent in some areas even if local markets operate normally in
others. This is where non-market mechanisms, such as bilateral agreements, step in to fill the
gap, playing a crucial role in the DSO environment. Non-market-based solutions are a possible
solution in case of low liquidity or immature markets. There are actions that should help to
improve liquidity, such as proper information exchange among stakeholders, an accurate design
of the traded product, efficient price formation, considering costs and barriers, etc.

To improve liquidity in the markets, it is necessary for those who have to deliver the service to
be involved in a committed manner. Regulation should be focused on engaging all relevant
stakeholders, including energy suppliers, aggregators, and consumers [103]. Some projects,
such as BeFlexible [104], focus on this matter and provided interesting results ( [105], [106])
focusing on the value chain and the pains and gains of the customers. The input of the customers
shall provide valuable insights and foster a sense of ownership and cooperation.

Additionally, before any flexibility solution is implemented, an assessment of available
technologies is necessary. Not only on the DSO side, as faced in [37], but also on the customers’
side. This includes evaluating energy storage systems, demand response technologies, and
advanced metering infrastructure for their suitability in providing flexibility services. In some
way, these resources have to respond to the network's requirements in time, form, and
duration. So there has to be compatibility. This evaluation is closely tied to the upgrading of
existing infrastructure, which may involve enhancing grid connectivity, installing advanced
metering infrastructure, and improving data management systems to manage the increased
complexity and variability that come with flexibility services. These actions help increase
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liquidity in the flexibility markets, as expected in section 2.2, but also improve the sensitivity
analysis regarding DSO costs mentioned in section 3.3.

How the market mechanisms are implemented is a key part of this process. The price formation
process is crucial for the proper functioning of a market. This topic was addressed from the
global perspective of TSO-DSO coordination as in [107], but should be addressed from a more
local perspective of resources that do not access TSO services. On the other side, the design of
product options, such as the timeframe, information exchange needs, costs, and barriers to
entry and exit, also plays a significant role (literature review: [108]). These factors also influence
market liquidity and, consequently, the efficiency of a market-based mechanism.

Before full-scale implementation, pilot projects ( [29], [31], [104]) are necessary to evaluate the
feasibility and effectiveness of flexibility services. These projects help identify potential issues
and make necessary adjustments, ensuring that the implemented solutions are as effective and
efficient as possible.

Since flexible solution requires new skills for the DSOs, investment in training and capacity
building for all personnel involved in the implementation of flexibility services is another crucial
step. Regulatory sandboxes may be used to overcome this gap by enabling and supporting the
development of local flexibility mechanisms [109]. This ensures that they possess the necessary
skills and knowledge to effectively manage and operate the new systems, linking back to the
importance of stakeholder involvement.

Finally, coordination between the Transmission System Operator (TSO) and DSO is necessary,
especially when the same resources provide services in separate markets, but in many cases it
can be solved by minor coordination with a simple data exchange and a timeframe coordination
of the different markets. Major coordination should be deemed only in some cases as explained
in section 5.3 below.

5.2 Flexibility vs. traditional solutions comparison

The energy transition is changing the way DSOs plan and operate the grid. It is no longer just
about peak demand-driven investments considered in the traditional drivers (section 3.1.1) in
distribution networks but also about the new drivers studied in section 3.1.3, integrating
distributed generation, new loads, and storage, which introduces more uncertainty. The need
for new infrastructure is undeniable, but before investing, it is crucial to consider flexibility
services as an alternative to traditional solutions, network reinforcements, and other
operational solutions for short-term needs. These services can adjust to grid conditions and offer
a solution to manage scenarios like peak demand with low local generation or vice versa.

Regulatory authorities play a crucial role in the development of methodological frameworks for
integrating flexibility services into network planning and operation. This includes providing
guidelines for comparing the costs involved (including OPEX and CAPEX) of flexibility services
with traditional network reinforcements, as in [24] and in the second paper of the compendium
(Annex 2). The efficiency of these flexible solutions, when compared to traditional ones, is
influenced by certain parameters such as the lifespan of the assets, the value of lost load, the
cost of energy, and the cost of reinforcements as shown in section 3.3. These parameters, which
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can vary greatly, determine the true value of flexibility.

A significant shift in the DSO operations is the introduction of flexible connections, or non-firm
connections, proved to be efficient since 2013 [110], and confirmed in the second paper of the
compendium (Annex 2). These are agreements that give the DSO the right to limit power
injections or withdrawals during a specified time. This change not only accelerates the energy
transition by allowing faster and cheaper connections and is being considered currently by the
regulators [111]. Flexible connections allow DSOs to accelerate the energy transition.

A comprehensive methodology for planning is necessary, with a detailed analysis of costs. The
fact that probabilistic and dynamic studies are needed to predict activation times in planning
also opens the possibility of proposing a variety of solutions that also allow for comparison
between them, given that probability must be considered at different stages. It could even be
considered that the DSO could offer different solutions depending on the activation probability.
Each alternative would have a firm power and non-firm, connection period and connection cost
that may fit better the applicant's needs, allowing an acceleration in different electrifications
(section 0).

Flexibility services also provide the DSO with the flexibility to use Distributed Generation (DG)
to supply local demand in case of network failures or maintenance, especially in cases where the
grid has a weak connection with the rest of the grid, increasing the resiliency considered as a
driver in section 3.1.2.6. Controlled islanding has proved to be an efficient service for this
purpose [29].

The responsibilities of the aggregator need to be thoroughly analyzed to redirect the tasks of
searching for flexibility niches and incentivize customers to provide flexibility. It would increase
market liquidity, key in the decision framework (section 2.2). Despite having the technology in
place, conventional solutions may still be preferred by the DSO due to their reliability and the
associated remuneration. Therefore, the implementation of flexibility mechanisms can only be
justified if they deliver significant efficiencies when applying the comparison with traditional
solutions as presented in section 3.3.

Barriers need to be removed to allow DSOs to tailor flexibility services to providers' capabilities
to unlock a greater volume of flexibility. Further studies could address the quantification of the
volumes of flexibility that can be found in the distribution network to compare with the volumes
raised in this thesis.

Incentives play a crucial role in the adoption of flexible solutions. DSOs and flexibility providers
must participate in the incentives or benefits to have sufficient motivation to participate in the
markets. Even to compare the cheapest solution all the costs from a global point of view must
be considered (section Ill.C in Annex 2), each agent that participates in the value chain is
expected to make their comparison and for all of them, it has to be positive for the case to work.
[105] has this approach. Additionally, penalties must be sized correctly to formalize
commitments and maintain reliability in delivery.

DSOs face increasing uncertainties about the penetration of distributed energy resources (DERs)
in the upcoming years. Flexibility services are considered especially valuable under these
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circumstances. They may allow the DSO to opt for more efficient solutions, being able to better
optimize investments [112], [113]. This has a significant impact on the way the distribution
network is operated and planned. The traditional deterministic network planning, where the
decisions are fixed, may undervalue flexibility and result in a less efficient planning.

Traditional treatment of OPEX and CAPEX in DSO remuneration schemes directly impact the
incentives of the DSO for flexibility solutions that are OPEX based. The traditional schemes could
represent a barrier to the procurement of flexibility services [112]. Therefore, treating OPEX as
equivalent to CAPEX in the regulatory framework, and even providing greater incentives to tip
the balance towards the flexible solution is the best way to incentivize DSOs.

The risks associated with not reinforcing the network or contracting flexibility (section 3.2) must
be considered, balancing reliability with strategic decisions. Guidelines should be established
for assessing and managing the risks associated with flexibility services. This would help DSOs
balance the need for reliability with the potential benefits of flexibility.

A broad-spectrum methodology (section Il in Annex 2) that fits any type of model to solve any
need is necessary. This involves integrating different types of algorithms and addressing the
entire planning process. Considering the technical and economic perspectives, flexible services
are expected to coexist alongside traditional solutions. Therefore, a detailed analysis of flexibility
costs is important to make an accurate comparison with conventional solutions.

Finally, standard technological solutions should be developed for data exchange between DSOs
and network users. This would facilitate the active management of networks and ensure that all
parties have access to the necessary information. An adequate exchange of information
improves the possibilities of engaging the client, coordinating agents and ultimately allowing the
mechanisms considered in 2.1.1 to function properly. However, while the standardization of
technological solutions can offer greater liquidity in the market, standardization is not always
optimal. Standard products can be a barrier to DSO needs. If a DER can perfectly solve a local
DSO problem but does not meet the requirements to fit the standard product, an opportunity is
lost. With the low liquidity of some local needs, it could be the only viable solution. Given the
diversity of needs and flexible resources in distribution networks, having the possibility of
making customized solutions could eliminate barriers, which is a priority.

5.3 Regarding the TSO-DSO coordination.

The integration of DERs into the power system is a crucial aspect of any coordination mechanism
between TSOs and DSOs, as it ensures secure and efficient grid operation. As concluded in
section 4.3, this coordination is particularly necessary in short-term scenarios where the meshed
networks move significant volumes. Based on the cases analyzed, the threshold for the major
coordination in the network analyzed could be set at more than 50MW at 132kV or more than
15MW at 66kV. All the cases studied in Annex 3 reflect the very slight impact that the DSO
activity has on the TSO responsibilities.

However, minor coordination through data exchange proposed in the introduction of section 4
is a requirement in every case. Information without interference would help to avoid barriers
and additional costs. This level of coordination is usually sufficient for most scenarios where a
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DSO activates flexibility in its own grids. This coordination ensures that the system operates
smoothly and efficiently, ultimately benefiting the consumers it serves.

The creation and development of local flexibility markets is another important aspect. These
markets must be useful and efficient for the system, avoiding unnecessary barriers or costs
associated with unnecessary coordination mechanisms that may bring unnecessary costly
coordination procedures as addressed in Annex 3.

Section 3.5 in Annex 1 addresses the concept of generalization mentioned in 2.2, which is crucial
to understand the differences between TSO and DSO needs. DSO needs are exclusively local,
and the generalization of a solution could help as long as the local need and solution are
statistically repeated across the network. That is why standardization of solutions is positive for
these cases, but it is also positive to allow for tailor-made solutions where the local need and
the local solution are compatible with each other even if they are not compatible with the
generalized standard.

Removing restrictions and barriers for flexibility providers is also crucial to unlock flexibility. This
allows them to meet the criteria to participate in their services and to provide flexibility. As such,
the requirements for DSO services (sections 2.1.2 and 2.1.4) should be less strict than those for
TSO services (section 4.2).

Clear and efficient communication protocols between TSOs and DSOs are essential. This ensures
that both parties have the necessary information to make informed decisions. Joint planning
activities can further help align the objectives of TSOs and DSOs, ensuring that resources are
used efficiently.

Finally, transparency in operations can help build trust between TSOs and DSOs, facilitating
cooperation. Specifically, a fluid exchange of all observable electrical network parameters, the
maneuvers performed during daily operations, and the interventions carried out on the network
and their scheduling would greatly contribute to this transparency. This trust is crucial for the
successful integration of DERs into the power system and the efficient operation of the grid.
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6 Conclusions, contributions and future work

6.1 Conclusions

A decarbonized economy, allowing the integration of a more renewable and distributed
generation and new uses of electricity, requires additional investments in a more digital and
resilient grid. Flexibility mechanisms are emerging as a new paradigm in network operation and
planning to improve economic efficiency. This thesis addresses the analysis of the characteristics
and criteria that condition the selection of flexibility mechanisms for every possible situation.

Each characteristic that can influence the selection of flexibility mechanisms was studied
individually. Identifying the needs faced by the DSOs, their location in the network (LV, MV, HV)
and the timeframe in which the need is managed. On the other hand, other relevant criteria
were also studied in the choice of mechanism, such as the impact on the TSO responsibilities,
the possible generalization of the problem, or the potential market liquidity. Deeming all of
them, a clear decision framework is developed to match DSO needs with the most suitable
flexibility mechanism. The three main types of the mechanisms, corresponding to three areas of
the framework, were identified: the first type corresponds to mechanisms which must
necessarily be strongly coordinated with the TSO, the second type corresponds to market-based
mechanisms that are mainly managed by the DSOs in local markets, and the third one to those
for which non-market-based mechanisms are the best fit.

The exclusive mechanisms for DSOs are still very unexplored in the literature and the lack of
liquidity plays a key role. This thesis presents an analysis of the drivers considered when planning
a distribution network, including the value that flexibility can bring to the future challenges
facing the distribution networks. Traditional drivers and new drivers can be envisaged as a
consequence of the energy transition. Some of these drivers are very difficult to predict, but for
others, their impact on the grid is becoming more evident. Previous flexibility assessments avoid
comparison with real DSO traditional solutions and focus on the technical benefits of using
flexibility. In this thesis, the value of the traditional solution is obtained and compared with the
value of a flexibility service. Based on parameters that are as realistic as possible, four scenarios
that could occur because of these drivers are analyzed and which could be an example of the
real application of the new flexibility services.

Following the analysis conducted, certain parameters, such as the lifespan of the assets, the
value of lost load, the cost of energy and reinforcements, whose magnitudes determine the true
value of flexibility, can vary greatly. However, the values taken in this study try to be realistic
and reflect situations that are as real as possible, although considered under certain
assumptions. Based on the flexibility services considered, realistic case studies and comparing
these with the traditional solutions, it can be concluded that flexibility services do not always
outperform the traditional alternatives.

Flexible connections (i.e., agreements that give the DSO the right to limit power injections or
withdrawals during a specified time) are a paradigm shift for the DSO but accelerate the energy
transition by allowing faster and cheaper connections. Flexibility services and the possibility for
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the DSO to use DG to supply local demand in case of network failures or maintenance in cases
where the grid has a weak connection with the rest of the grid are tremendously useful. Both
solutions have an obvious benefit, as the alternative is disconnection.

In the case of seeking to avoid grid reinforcement, the benefit is not so obvious, and it would be
necessary to identify those situations in which the motivation of active customers and the
reliability of service delivery compensate for the reliability and security benefits of grid
reinforcement. In the LV network, where fewer customers are involved, there is more room for
the alternative with a flexibility service to be competitive in certain circumstances. However,
flexibility is not always the best solution; in certain cases, traditional solutions outperform
flexibility services. MV grid reinforcements can be very competitive in urban environments and
difficult to replace with flexibility services. Subsequently, further studies would be necessary to
determine under which conditions flexibility can compensate for the effect of the new drivers
or whether traditional solutions still prevail as the most efficient solution.

Overall, it can be concluded that the paradigm shift of flexibility services may be especially useful
from an operational perspective, as it allows for more optimal extraction of the potential of the
network in the short term. For the long-term use of flexibility, it is necessary to thoroughly assess
each need to establish whether flexibility service provision can compete with traditional
solutions, such as network reinforcements, considering their reliability, duration and the
number of customers involved.

The necessary coordination between DSO and TSO for the activation of flexibility services is
widely analyzed in the current literature. However, this thesis argues that this coordination is
less necessary for variations that are imperceptible to the transmission network. To check this
assumption, all possible cases, defined in terms of voltage levels and needs timeframe, are
compared against conventional operating conditions that nowadays do not require any TSO-
DSO major coordination (the type of coordination by which responsibility and decision-making
in operation are shared). If the volume of flexibility activated by DSOs is in the same order as
current operational practices, minor coordination (consisting of a simple exchange of
information) should be enough, and additional coordination would not be required.

Different scenarios are investigated by identifying all possibilities in which coordination would
be necessary; and, from the proposed quantitative analysis, the threshold and the circumstances
beyond which such major coordination is necessary. It is concluded that local markets would not
affect the transmission network as long as they are not dedicated to the short-term
management of the meshed distribution network. In addition, the necessary major coordination
is limited to short-term scenarios in which the meshed networks move significant volumes.
According to the cases analyzed, this threshold could be set at 50MW at 132kV or 15MW at 66kV
for the studied area in this thesis, which is a significant area of the Spanish grid. Similar studies
could be conducted in other areas to establish global thresholds when possible.

These findings should help remove the restrictions and barriers for flexibility providers to meet
the criteria imposed by TSOs to participate in their services and provide flexibility with less strict
requirements that could generally be the case with DSO services. Moreover, it would allow DSOs
to have greater versatility to tailor flexibility services to providers' capabilities, thereby unlocking
a greater volume of flexibility. Further studies could address the quantification of large-scale
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volumes of potential flexibility found in the distribution network involving different kinds of
resources at different voltage levels.

Finally, based on the conclusions of the different studies, it was possible to draw up some timely
regulatory recommendations to help in the implementation of the different flexibility
mechanisms: the consideration of the different solutions as a toolbox, the need to consider the
benefit of all participants, to also consider all types of costs, to eliminate all possible barriers and
to consider the particularities of the needs of the DSO when compared to those of the TSO.

6.2 Thesis contributions

The expected contribution is to bring the range of possibilities offered by flexibility solutions
closer to the reality of the distribution network, considering the diversity of network needs and
the diversity of resources that can participate in these markets. The aim is to arrive at
recommendations to avoid implementing inefficient solutions due to design failure.

To this end, contributions were made in three different stages:

i. In the first stage, the key criteria that determine the most suitable mechanism to
implement in each case are identified and a comprehensive decision framework to select
the flexibility mechanism is proposed, based on the DSO needs and the network
conditions.

ii. In the second stage, a broad-spectrum methodology to assess the value of flexibility is
proposed, aligned with the actual challenges of the energy transition for the distribution
network planning, including a comprehensive analysis of the real costs and the type of
needs. Based on it, four representative and realistic case studies compare the BAU
(business as usual) solutions with flexibility services showing that the flexibility value
depends on the case studies considered.

iii. In the third stage, a revision of all the possible scenarios of the DSO operation needs and
their impacts on TSO responsibilities is presented, considering the possible borders
between DSO and TSO at different voltage levels. Afterward, a methodology is proposed
to analyze more deeply the impact of flexibility activation with an expected significant
load increase.
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6.3 Future work
6.3.1 Related to Flexibility mechanisms

To further develop the proposed approach, the next step would be to continue to study the
nature of the uses of electricity and the nature of the needs to match the solutions provided. In
this way, it could be deduced whether the value of the flexibility provided, for example by
electric vehicle charging, is used up by selecting an appropriate tariff or whether it makes sense
to incentivize aggregated solutions to resolve congestion in the local market or even in a
common market.

The proposed framework aims to guide the most appropriate mechanisms, but the authors
acknowledge that these mechanisms are not implemented in isolation but combined. Future
research should analyze compatible combinations and apply them to real case studies. The
expected contribution is to bring the range of possibilities offered by flexibility solutions closer
to the reality of the distribution network, considering the diversity of network needs and the
diversity of resources that can participate in these markets. The aim is to arrive at
recommendations to avoid implementing inefficient solutions due to a design failure.

Further studies could address the quantification of the volumes of flexibility that can be found
in the distribution network to compare with the volumes raised in the studies and pilots. This
assessment is dynamic and could be influenced by factors such as technological developments,
adoption, customer engagement, and maturity of the market, among other factors.

Regarding market mechanisms, since they are more efficient with more market liquidity, it is
necessary to try to find a way to measure liquidity. As well as developing a methodology that
allows predicting it based on a limited number of parameters. The liquidity of a local market
cannot be measured only by the number of potential flexibility providers at a given time, which
is already difficult due to the variation. But it is also necessary to consider the response to the
price of each MW upwards or downwards, not only due to its elasticity, but also due to its
possible variation over time or even the possibility of depletion due to use or even due to other
external factors that influence it (temperature, gas price, etc.). Many factors vary greatly over
time and determine the willingness to participate. Market liquidity is therefore a complicated
variable for the DSO to handle as it is a determining factor in deciding the best mechanism. To
improve liquidity levels from the FSP's perspective, however, it is crucial to simplify management
as much as possible. Proposing simpler mechanisms should mean easier implementation for the
DSOs and a better understanding for the FSPs.

Another point of debate is that of market-standard flexibility products and tailor-made
solutions. Whether or not standard products increase liquidity in local markets is a debate,
since the possibility of adapting the service to the need of the location can allow a better
adaptation to the available resources.
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In the methodology for comparing the flexible solution with the traditional solution, this thesis
starts from predictions, but there is a later stage in which there is already greater certainty about
the cost of flexibility, which is after-market clearing. At this point, and depending on the
flexibility product in question, it might be possible to reassess and consider changing the
solution. If possible, it could be very useful to consider this option in the design of flexibility
products. An alternative solution to this could be to cap the cost by imposing a price cap by the
DSO. However, sending price ceiling signals to the market can lead to undesirable results.
Therefore, it does not seem to be the optimal solution either. Finding a solution to the dilemma
posed by the reassessment of the flexible solution after the market clearing could be an
interesting topic for future research.

As for the incentives for flexibility providers, the costs of their investments are also relevant.
And the more certainty they can have with the profitability of flexibility services, the more
motivated they are to invest. On the other hand, the further in advance the DSO forecasts are,
the greater the degree of uncertainty. Forecasting the next day's load curve has a much smaller
error than forecasting the curve a month in advance, and even more so a year or several years
in advance. Therefore, contracting for long-term flexibility in the predictability terms required
by FSP would be more to cover the uncertainty of the forecast than to cover the needs of the
grid itself. This anticipation for the DSO means being able to make more accurate predictions,
which is also a challenge, since on the part of the system, it could be more cost-effective to wait
for the short term or real time to manage the need only when it is needed. This trade-off
between the cost of anticipation and the risk of working in the short term could also be the
subject of future studies. Either to improve predictions for the DSO or to find short-term
incentives for the FSPs.

There may be conditioning factors that may interfere with the prioritization of the most
efficient choice for solving grid needs, such as decarbonization policies or social policies related
to energy. To obtain the most efficient solution, there could be room also for other criteria that
are sometimes difficult to parameterize (reliability of the solutions, social perception, customer
effort). A better understanding of the non-quantifiable factors or even the social factors that
could influence the selection of the best solution to solve a network need and that cannot be
included in a CBA could help in decision-making, not only for flexibility solutions but also for
traditional ones.

DSOs must also invest to put flexibility solutions in place. These investments mainly concern
platforms and software that enable active management in real time and the possibility of flexible
network planning. The simpler the products and flexibility mechanisms, the simpler these
investments are. If these products and mechanisms become more complicated, these
investments also become more complicated and more expensive. It is therefore advisable to
start with simpler solutions to avoid the barrier of substantiating the first investments. Finding
the roadmap of the simpler solutions with the quicker and more obvious benefits toward the
more elaborate solutions that allow to make the most of flexible solutions could also be future
research. That can be the only way to face the costly investments of the full flexibility operations
to gradually move leveraging on the own benefits of the flexibility solutions.
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6.3.2 Related to grid planning with flexibility

Flexible network planning requires addressing several challenges that also need to be studied.
Deterministic planning must be replaced by one based on probabilities. These probabilities can
be managed, both in the establishment of probable future scenarios considering, for example,
the probability of failure of an asset; as in the establishment of the probable demand and
generation curves; or even with the possible prices in flexibility services. Every stage of the
planner's study process means a probabilistic layer that builds on the previous one. All these
uncertainties also accumulate, resulting in risk-taking that competes with the efficiency of the
system. This relationship between the risks assumed, including those related to flexibility
solutions, the stability and reliability of the system, and the efficiency of the system is what
should lead to the optimal solution. DSOs and regulators would have greater security if there
were a simple and unique methodology that provided the most efficient feasible solution for
each network need. This question of knowing which solution is optimal among all the possible
ones would also provide a clear criterion for analyzing the investment plans of DSOs.

Several questions may arise about the optimal way of studying a request for a flexible
connection, as the customers need to be aware of the probability of being activated. For
example, it is not fully clear how to determine the probability of failure or the probability of a
forecasted load curve used when authorizing a flexible connection. Likewise, DSO may face
difficulties to decide what criteria should be used to determine whether an investment is
required to solve a potential case of failure, whose probability is harder to predict than that of
a regular congestion. These issues are directly linked to the management of uncertainty and it
would be interesting to focus the planning of these flexibility solutions from a probabilistic point
of view.

As for the sensitivities detected in the comparison of the flexible solution with the traditional
solution, simple variations of each variable were assumed, but these variations may include
other variables that may not have a continuous behavior. For example, flexible resources
activated can often become fatigued over time and vary their response curve. On the other
hand, traditional investments can also experience changes due to the evolution of the markets
and rise or fall in price due to exogenous causes that totally unbalance the results accepted in
the planning of the network.

The methodology framework proposed considers a deterministic approach, but it could be
extended to stochastic approaches. In this thesis, the scope has been limited to performing a
sensitivity analysis to address this shortcoming, but a stochastic analysis could be performed
using a Monte Carlo or similar approach.

Flexibility solutions should allow for more efficient use of distribution networks, but the
reliability of such solutions should also be reviewed. An economic study could be carried out to
determine the cost to the system of maintaining such stability and its impact on the system
cost. In the same way flexibility management involves planning with greater risks and
probabilities in mind, the risks of relaxing some system operating criteria could be considered.
Even if there was a higher risk of blackout, it could be more sustainable and affordable.
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6.3.3 Related to TSO-DSO coordination

Regarding the TSO-DSO limits, additional studies should be carried out with a progressive
increase in distributed generation. Similar results are expected, with the relevant difference
that generation and demand would be progressively found in the distribution network. For TSOs,
it is a challenge to manage the system stability when generation and demand are incorporated
into the distribution network.

The study to determine the threshold beyond which greater coordination between DSO and TSO
would be necessary was conducted on a representative network of the Spanish peninsular
system and, therefore, the exact numerical values may not immediately applicable to other
networks. Future research could address this issue by studying other topologies and attempting
to arrive at results that can be extrapolated to other systems without the need to conduct
individual studies of each part of the network.
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Decision Framework for Selecting Flexibility
Mechanisms in Distribution Grids

Fernando-David Martin-Utrilla,”* José Pablo Chaves-Avila,® and Rafael Cossent®

ABSTRACT

The energy transition will lead to the coexistence of centralised and distributed
energy resources (DER) and the increasing electrification of processes traditionally
fed by other energy vectors. This scenario requires adapting distribution networks
to integrate these new grid users while maintaining the reliability of the service. In
this context, flexibility services from DER are presented as a new alternative that
will allow more efficient use of the networks. However, not all flexibility mecha-
nisms (as ways of accessing flexibility) are equally suitable to address the different
problems and needs faced by distribution system operators (DSOs). This paper
identifies the key criteria that determine the more suitable mechanism to imple-
ment in each case and discusses the different criteria to choose the way to acquire
[lexibility for DSO use. Based on this, the paper proposes a comprebensive decision
SframeworkR to consider all the different available mechanisms and, based on the
DSO needs and the situation of the network, proposes the most suitable flexibility
mechanism. Additionally, several key criteria are used to evaluate the different
flexibility mechanisms. As a result, the most suitable mechanisms are bighlighted
as useful tools to solve the needs of the network at all voltage levels and adapted
to each situation.

Keywords: Flexibility procurement, distribution networks DSO, flexibility
mechanisms

heeps://doi.org/10.5547/2160-5890.11.2.fmar

Y 1. INTRODUCTION ¥

Decarbonisation of the electricity generation mix is causing a decentralisation that requires
revisiting markets, regulation and organisation of the power system. The use of electricity is in
the spotlight. In this context, it becomes necessary to make room for new forms of electrical
energy consumption and new forms of generation. Electric vehicles, distributed generation,
and storage, among others, are going to pose new challenges for the electricity network. In
addition, customers are increasingly eager to generate their energy following multiple motiva-
tions such as to have greater independence from the grid or to reduce their energy expenditures.

The active participation of new consumers and generators connected to distribution grids
can contribute to more efficient use of the networks by avoiding traditional costs of network
assets sporadically used. The use of flexibility from customers may result in a cheaper and more
sustainable electricity grid (CEER 2018). This paper considers the flexibility as the capability
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of the resources connected to the grid, from the generation side or demand side, to change
their behaviour in response to a network need to cope with the energy transition challenges.

The grid needs can be met in the traditional way (i.e. investing in network assets), but
these can also be satisfied through the acquisition of flexibility services provided by the re-
sources connected to the network. These services must be adapted to the needs of the network
itself. On the other hand, for that service request and delivery to occur, there must be a mech-
anism in place. A flexibility mechanism is how the system operators acquire flexibility services
from third-party providers.

Flexibility can offer solutions to the grid in two different but closely related domains:
TSO and DSO. The transmission system operators (TSOs) do not only face the challenge of
managing electricity systems with decentralised generation and low inertia due to the inevi-
table disconnection of big synchronous fossil fuel-powered or nuclear generators that provide
stability to the system, but also the need to ensure ancillary service providers that maintain the
reliability of the system (Xu and Po 2019).

DSOs, on the other hand, have the challenge of maintaining the quality and reliability
standards of the networks in a system that is increasingly moving away from the traditional
distribution function of supplying energy from the upper voltage levels to the end-users. DSOs
are also becoming an energy exchange space, as it is increasingly intertwined with generation
and whose consumers will have more different and more unpredictable profiles. The utilisation
of DER flexibility services requires a non-singular approach depending on the type of DER
(Eid, et al. 2016). Both TSO and DSO challenges are very different, but the resources are the
same. Hence the importance of having good coordination between agents who can operate in
the same flexibility market or have the same resources providing services in separate markets.

Several authors and institutions have proposed their definition of flexibility services and
their characteristics: balancing, congestion management and power quality control (such as
voltage control or loss minimisation) (Jin, Wu and Jia 2020) (Villar, Bessa and Matos 2018)
being the latter service also named as non-frequency ancillary service (E.DSO, et al. 2019). In
(Hillberg, et al. 2019) these needs are categorised by power, energy, voltage, or transfer capac-
ity. In (van der Veen, et al. 2018) a grid capacity management service is also considered but
only differ from congestion management in the possibility of predicting the needs. This paper
focuses on the services related to specific DSO needs: voltage control, congestion management
and controlled islanding, as in (Olivella-Rosell, et al. 2018).

Several outstanding barriers need to be overcome to utilise DER flexibility (Lind, et al.
2019), such as the role of aggregators to unlock small DER flexibility, TSO-DSO data ex-
change or a thorough analysis of which coordination scheme is most suitable. Regarding DSOs
flexibility procurement, Article 32 of the Directive 2019/944 (EU 2019) on common rules for
the internal market for electricity sets that “Member States shall provide the necessary regu-
latory framework to allow and provide incentives to distribution system operators to procure
flexibility services”, and that DSOs “shall procure such services in accordance with transparent,
non-discriminatory and market-based procedures unless the regulatory authorities have estab-
lished that the procurement of such services is not economically efficient or that such procure-
ment would lead to severe market distortions or to higher congestion”. Therefore, among the
ways of accessing flexibility, named as flexibility mechanisms, the market-based mechanism is
the preferred option for flexibility procurement, although the regulator may circumstantially
choose other mechanisms for overall efficiency reasons.

Copyright © 2022 by the IAEE. All rights reserved.
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The examples of local markets tested in Denmark (Heinrich, et al. 2020) and the pio-
neering projects undertaken in the UK, Germany, the Netherlands and Norway described
in (Schittekatte and Meeus 2019) show a clear adaptation of the global framework to local
needs, revealing the weaknesses of the lack of liquidity when trying to use the existing market
mechanisms of wholesale markets for local needs. The architecture of markets, platforms and
even products have been designed with this approach in great detail in (Heinrich, et al. 2020),
(Jin, Wu and Jia 2020) and (van der Veen, et al. 2018). These proposals are compatible with
the options of this study.

Network needs that may occur as a result of the energy transition are very diverse, and so
should be the flexibility mechanisms used to address them. This paper aims to cover the criteria
that will condition the selection of the flexibility mechanisms starting from the DSO’s own
needs. Thus, the applicability of the different flexibility mechanisms for each situation will be
studied. In other words, the gap to fill is matching the flexibility mechanisms proposed in the
literature and the real needs of the distribution network. This will help DSOs to focus on the
most suitable mechanisms for their expected needs.

Similar approaches can be found, but without carrying out such a correspondence. A thor-
ough assessment of the different options for flexibility mechanisms based on surveys among
DSOs was performed in (Chaves, et al. 2021). The results reflect the feasibility of solutions
that is complementary to those proposed in this paper. Besides, the assessment done in (Schit-
tekatte and Meeus 2019) resulting in six relevant options which have been considered: 1) the
integration with existing electricity markets, 2) the role of the market operator 3) reservation
payment, 4) products standardisation, 5) TSO-DSO cooperation, and 6) DSO-DSO coop-
eration. However, the scope and design of the different projects compared are very diverse,
making it difficult to infer a generalisation of the criteria. The role of the market operator is
not analysed in this paper but is supposed to be transparent and independent from market
participants.

The remainder of this paper is organised as follows. First, section 2 addresses the flexibility
mechanisms description and taxonomy. Section 3 discusses the different evaluation criteria
that should be considered in the selection process such as the characterisation of the needs and
services, location, procurement time, liquidity, need for coordination or generalisation of the
needs. Next, section 4, which represents the core of this paper, presents the decision frame-
work to select the most suitable flexibility mechanisms based on the needs of the DSO and the
evaluation criteria previously discussed. Lastly, section 5 provides some concluding remarks.

Y 2. FLEXIBILITY MECHANISMS ¥

This section defines and discusses the different flexibility mechanisms considered in the
study with the intention of not only listing them but also giving a brief description. A flexi-
bility mechanism is considered in this paper as the way in which the system operators acquire
flexibility from and the flexibility service providers.

2.1 Flexibility mechanisms: Description

This chapter describes the key aspects of the considered flexibility mechanisms based on
(Chaves, et al. 2021) and (Gémez, Cossent and Chaves Avila 2020):

Copyright © 2022 by the IAEE. All rights reserved.
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e Regulated payments or penalties: What characterises these mechanisms is that there
is a regulated price that incentivises the use of the tool. The effect is therefore similar to
that of tariffs. The regulated remuneration of the flexibility provided by the Flexibility
Service Providers (FSP) could be based on the actual costs of providing the service.
Also, an obligation mechanism for flexibility provision defines the mandatory service
provision from the FSPs. The service requested by the system operator to the FSPs is
not remunerated, but instead, there could be penalties when not contributing with their
fexibility.

o Bilateral Agreements: A bilateral agreement requires a negotiation process between
the two parties: the system operator and the FSP. They could be exploited for existing
connected resources and constrained situations or for the sake of a new connection to
the electrical grid. The FSPs agrees to be curtailed in some periods.

¢ Dynamic Tariffs: A dynamic tariff means that the price signal is defined at shorter no-
tice, possibly close to real-time (CEER 2020). Dynamic tariffs concern devising time
(and locational) differentiated network tariffs which can be adjusted to reflect the neces-
sary temporal and spatial cost variations. The grid users are incentivised to change their
consumption and/or production according to the grid operation and future network
needs.

o Local Markets: Local flexibility markets include long-term and short-term pools in
which offers are received from FSPs. A long-term mechanism could be used in planning
activities to procure flexibility by contracting through Auctions long in advance the po-
tential service providers. The local market extension depends on the grid characteristics,
i.e. the market area can encompass only a portion of the distribution network. The size
of the local market is site-specific. The DSO will utilise flexibility based on its willing-
ness to pay for it and the available fallback solutions and the type of flexibility product
required. A local flexibility market seeks to promote competition among flexibility pro-
viders. A short-term mechanism could be contracted in the Day Ahead, when the need
can be forecasted or near Real Time, for contingencies.

e Common Markets: Same concept as Local Markets for the long-term Auctions and the
short-term in the Day Ahead or near Real Time, but in this case Flexibility is selected
in a unique market to satisfy both TSO and DSOs needs. Selection of flexibility bids
by DSOs and TSOs is carried out in a coordinated process and takes into account the
constraints of all the grids involved. In section 3.4 the variants of coordination schemes
corresponding to common markets are identified (“Common” or “Integrated” in Table 4).

2.2 Flexibility mechanisms: taxonomy

The Council of European Energy Regulators (CEER 2020) highlights different ways of
accessing flexibility which are summarised in Figure 1. This report proposes different scenarios
in which alternative non-market-based mechanisms can be used to access flexible resources,
although it emphasises again that the market-based mechanism is the preferred option.

Based on the classification shown in Figure 1, the following flexibility procurement mech-
anisms shown in Table 1 are considered along this paper. In this classification, tariffs, agree-
ments, and rules have been included under non-market-based mechanisms. Although with
different terminology that is intended to give a broader meaning. For instance, Bilateral Agree-
ments could be arranged at connection time or later. In the case of market-based mechanisms,

they are divided into local (i.e. DSO focussed) or common (i.e. for both TSO and DSO), de-
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FIGURE 1

DSO options to access flexibility with an emphasis on market-based procurement.

I DSO grid problem ‘
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Source: (CEER 2020), 21, Fig.1.

signed respectively for local or global needs, and these are further divided according to the time
frame in which they are framed. In Table 1 the CEER Paper taxonomy is in the first column,
the flexibility mechanisms considered in this paper in the second column, and the classification
of mechanisms in the third one. The classification helps to simplify the interpretation of the

framework in section 4.

TABLE 1

Flexibility mechanisms classification related to options in (CEER 2020).

DSO’s access to flexibility
(CEER 2020)

Flexibility mechanisms

Flexibility mechanisms
classification

Rules-based Approach

Regulated payments or
penalties

Connection Agreements

Bilateral Agreements

Network Tariffs

Dynamic Tariffs

Non-market-based mechanisms

Market-based Procurement

Local Market Auction

Local Market Day Ahead

Local Market near Real Time

Local-market-based
mechanisms

Common Market Auction

Common Market Day Ahead

Common Market near Real
Time

Common-market-based
mechanisms

Source: Own elaboration 2021.

Y 3. EVALUATION CRITERIA ¥

Considering criteria as the principles or standards by which a flexibility mechanism is
selected, this section aims to analyse the relevant criteria for the proposed decision framework.

3.1 Needs and services

The DSOs have different needs. In this paper, DSO needs are considered as technical
requirements in the network that can be solved by traditional methods (e.g. investments in
network assets) and that are suitable to be solved by flexibility-based methods.

Copyright © 2022 by the IAEE. All rights reserved.
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Figure 2 represents the different services required by the DSO related to whether the ser-
vice is based on availability or activation and whether it requires using active or reactive power.
Congestion management is related to active power, requiring activation and/or availability of
an active power upwards or downwards to avoid network components reaching their thermal
limits. In the case of voltage control, it requires actions to keep grid voltages within the ac-
ceptable ranges (Troncia, et al. 2021). In lower voltage levels, voltage control mainly requires
active power management because of the high R/X ratio (Blazic and Papic 2008). However,
voltage issues are generally managed through reactive power flows at higher voltage levels.
Lastly, controlled islanding applies to small electrical islands that may arise due to the inability
of the network to keep that piece of network connected to the rest in case of network failures.

FIGURE 2
Flexibility Services for DSOs.

Active Power Activation
Reactive Power
Activation |

\
ICongestion | (T T T T T \
"Management ' T Controlled !
: I : islanding :

-—— -t

Reactive Power

Availability Active Power Availability

Source: Own elaboration.

Availability products are expected to be related to long-term needs, or at least to forecasted
needs since short-term needs would require activations close to real-time.

Other flexibility services specifically address TSO needs such as balancing, inertia or black-
start. In these cases, the DSO could act as a facilitator of the services required by the TSO.
However, these are not addressed in detail in this paper. Another issue to take into account is
that not always the DSOs needs can be solved with flexibility services and traditionally invest-
ments may be required when it is the most efficient solution for the whole system considering
the costs and benefits of the alternatives.

3.2 Need locations

How distribution networks are operated depends on the voltage level and, therefore, the
needs of DSOs at each voltage level are very different. Considering International Electrotech-
nical Commission (IEC) standard voltages (IEC 2009), a division in Low Voltage (LV), Me-
dium Voltage (MV) and High Voltage (HV) could be valid considering the different operation
strategies, design criteria or network needs.

High Voltage, meshed grids (->36kV and ~<220kV) (Strunz, et al. 2014): The operating
requirements of the meshed grid system are very similar to those of the transmission networks.
For example, in Spain, there is a very robust 132kV network that meets this description. This
type of network sometimes covers the failure of the transmission networks. Voltage control is
carried out through reactive flows management in these grids.
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Medium Voltage, radially operated grids (->1kV and ~-<36kV) (Strunz, et al. 2014):
MYV voltage levels also have large kilometres of the network in rural areas or where the over-
head network coexists with the urban environment. The equipment is similar to that of higher
voltage, although it is radially operated, it presents a considerable level of automation, and it
has a considerable impact on the quality of supply indices. Some specific elements can be very
critical.

In some distribution systems, MV networks can be radially operated networks at different
voltages (e.g. at 132kV, 66kV or 45kV). The failure of any element in a radial operation system
causes a supply interruption. However, for simplification, the same treatment is given in this
document to MV and HYV radially operated networks.

Low Voltage (<1kV): Due to the role of these grids, the majority of line kilometres in
distribution grids are within densely populated areas. The average ratio between LV costumers/
MYV costumers is 671 in Europe (Prettico, et al. 2019). However, it tends to be a less critical
network due to the low collective impact of each asset. LV networks have specific regula-
tions related to equipment and installations design, different components (cables, standardised
products, protections, safety tools, etc.) and are the part of the electricity grid closer to the
consumer. The active management of the LV network is becoming increasingly important as
automation advances in the LV network due to the strong deployment of intelligent systems
infrastructure, such as the communication grid for advanced metering. Some countries have
already completed the smart meter roll-out in advance (for the target of 80% coverage by
2020) such as Spain where more than 99% has been deployed (Prettico, et al. 2019).

In Table 2 the three voltage levels are compared attending to their key different charac-
teristics. This is not an exhaustive analysis of the ways of operating the different voltage levels,
but a selection of the most significant characteristics in terms of the differences of each type of
network, their operation or their conditioning factors when considering investment options.

In terms of criticality, as LV assets feed fewer customers, are considered critical only on a
few occasions. HV assets are considered more critical not only for the number of customers
but also for the relevance of some facilities such as big industries. MV is logically in the middle
of both situations. The controllability is also related to the criticality of the network assets.
Therefore, HV level assets are usually fully automated, controlled and can be even monitored
with new parameters such as temperature to adapt the assets utilization rating. However, the
digitalisation process has contributed to reliability (Girdn, et al. 2018) with the automation
and control in MV and evolving to LV.

When considering the operation mode, in the same way, the reliability required is essen-
tial. Therefore, HV networks are generally operated in a meshed mode, and LV and MV assets
are designed to be operated radially. But MV assets have adjacent feeders that help in case of
outages, especially in urban networks.

Social opposition, administrative and environmental constraints can be found when in-
vestment works are intended to be executed. HV investments are more likely to find opposi-
tion due to their size. On the other hand, LV and MV works are more standardised, as they are
more common investments with lower opposition.

There are also more affordable operating solutions for critical situations such as portable
generation sets for LV. Operational solutions in MV or HV will depend normally on the own
DSO resources and the network configuration.

Finally, the way of managing voltage control is different depending on the voltage level due
to the R/X ratio as mentioned in section 3.1.
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All these characteristics influence the management of the grid depending on the voltage

level, and therefore, a different assessment of flexibility mechanisms as an alternative.

networks and little automation
(although this aspect is
evolving). Some technological
solutions consolidated in MV
or HV are in the process of
maturing in LV (e.g. On- load
tap changer transformers)

automation, especially in

urban areas. Non-meshed grids
require customer-affecting
operational manoeuvres that
are increasingly automated.
Automated operations under
research for furtherer objectives.
(e.g. dynamic reconfigurations
for increasing capacity)

TABLE 2
Characteristics of each voltage level grid operation.
Network
characteristics LV MV HV
Criticality Seldom critical installations. Strong impact on the quality of | Very critical installations
service. Some installations can whose unavailability means a
be very critical. high impact on the network.
Controllability Low controllability of the High controllability. High High and reliable

controllability. Fully
automated. The new
solutions are aimed at
improving the performance
of the lines by monitoring
their real capacity. (e.g.
Dynamic Line Rating)

Operation mode

Radial operation and difficult
service restoration from adjacent

Radial operation, usual and
simple service restoration from

Mesh operation to ensure
uninterrupted supply in case

in terms of costs per customer.

difficult to build due to social
opposition, administrative and
environmental constraints.

feeders. adjacent feeders. of failure.
Investment Highly standardised investment | Highly standardised investment | Very expensive investment
complexity solutions with high relative costs | solutions are increasingly solutions that are very

difficult to build due to social
opposition, administrative
and environmental
constraints.

Outage operation

Affordable operating solutions

Low-cost operation solutions

Operation solutions of high

voltage drops.

voltage drops.

cost for critical situations (portable when there is sufficient cost in case they are possible.
generation sets). infrastructure (meshed feeders)
but high cost when there is none
(mobile substations, provisional
installations, etc.).
Voltage Control Voltage control is linked to Voltage control is more linked to | Voltage control is more
operation active power management and active power management and linked to reactive power

management than to voltage

drops.

Source: Own elaboration.

3.3 Procurement time

Long term needs are foreseen years or months in advance and are usually solved with a new
investment in network assets. Flexibility alternatives may be justified based on a deferral invest-
ment or even its avoidance. The aforementioned Article 32 of the (EU 2019) also stipulates
that the network development plans “shall provide transparency on the medium and long-term
flexibility services needed”.

The second category of needs includes those that are part of the normal operation of the
network for the maintenance of the elements. These are short term programmed needs, match-
ing precisely with the options market and the spot market proposed in (Ottesen, Tomasgard
and Fleten 2018): from several days to day-ahead or shorter. These needs have a common char-
acteristic, which interventions are programmed in advance with a predetermined schedule or
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work plan, and that they require the preparation of the network to carry out the maintenance
work.

Finally, there are the non-programmed short-term needs, unforeseen and requiring an
intervention almost in real-time or just a few minutes or hours in advance. This is the usual
situation of network failures. Due to its characteristic of unpredictability, it is not possible to
make a forecast of the need. Monitoring is essential in these cases. Therefore, in this case, both
activation and availability for critical situations or installations will be valued.

As mentioned above, short-term needs can be satisfied with flexible long-term solutions
and vice versa. It is, therefore, necessary to decouple needs timeframe to procurement time-
frame. A classification for procurement timeframes is shown in Table 3 based in (Ramos, et al.
2016) which is useful both for local and wholesale markets.

TABLE 3
Procurement Timeframes
Procurement timeframe Potential usage
Long-term These contracts allow buyers and sellers to contract services at
[from years to months] (LT) prices and quantities time in advance to hedge risk. Flexibility

capacity reservation for potential later use or even activation
committed. Grid constraints are predicted in long-term periods.

Weeks to day-ahead (DA) The day-ahead market serves for scheduling resources at each hour
procurement of the following day (or even shorter). A more accurate forecast

of the condition of the network is available in this timeframe.
Unusual network conditions are foreseen at this time.

Intraday procurement / Real- | Flexibility procured in real-time or close to real-time is useful to

time (RT) maintain system security.

Source: Own elaboration.

3.4 Impact on TSO grid

As both TSOs and DSOs will be procuring services provided by DERs (Lind, et al. 2019),
coordination is already a concern from a practical point of view and for policymakers (EU
2019). There is agreement among various associations of DSOs and TSOs that such coordina-
tion is necessary and that there are different ways of doing this (E.DSO, et al. 2019). (Gerard,
Rivero Puente and Six, Coordination between transmission and distribution system operators
in the electricity sector 2018), (Papavasiliou and & Mezghani 2018), (Tohidi, Farrokhseresht
and Gibescu 2018). Some demonstration projects (e.g. SmartNet Project’ and CoordiNet
Project?) are opening different possibilities to enable different options to obtain the highest
efficiency. Table 4 shows the results of the different schemes provided in these works. The
table shows the coordination schemes obtained in the CoordiNet project, which are deducted
from the formulation of certain hypotheses that correspond to the answers to certain key
questions: who buys, who sells, how many markets are there, who accesses the resources? The
SmartNet project alternatives are considered among those options. INTERRFACE Project’

1. http://smartnet-project.eu/ (Accessed 14/09/2021).
2. https://coordinet-project.eu/ (Accessed 14/09/2021).
3. http://www.interrface.cu/ (Accessed 14/09/2021).
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also addressed the issue from the point of view of previous works (E.DSO, et al. 2019), this
approach is compared to CoordiNet project in (Baron, et al. 2021).

The number of markets and buyers allows inferring that Common and Integrated coor-
dination schemes consider a common market. The Fragmented, Multi-Level and Distributed
consider more than one market. That is, the coexistence of different markets among which
there may be common markets as well. Thus, a common market, in the terms considered in
this paper, could be accommodated within these five coordination schemes as long as TSO and
DSO share needs in the same market.

TABLE 4
Coordination Schemes studied in the literature
Coordination Number of
Scheme Description markets Buyer

Centralised TSO contracts flexibility from DER 1 TSO
directly

Local DSO operates the market for those 1 DSO
connected to the distribution grid

Shared balancing DSO is responsible even for balancing >1 DSO&TSO

(Fragmented) in his distribution grid

Common The operation is done by both system 1 DSO&TSO
operators

Integrated Allows also commercial parties to 1 DSO&TSO&
procure flexibility. Commercial Party

Multi-Level A combination of the Local Market >1 DSO&TSO
Model and the Central Market Model

Distributed Peers are the sole buyers and providers 21 Peers
in the market

Source: Own elaboration based on deliverables CoordiNet D1.3 and SmartNet D1.3

Hadush and Meeus (2018) concluded that the need for cooperation and the solutions will
depend on where structural congestion occurs. It is relevant to establish what coordination is
necessary, whether it is a matter of exchanging information, obtaining authorisations, or shar-
ing objectives to obtain solutions that optimise the system costs as a whole.

The activation of small FSPs may not have a significant impact on system balancing or
TSO grid. Therefore, in order to simplify the implementation of flexibility solutions, it is
necessary to consider to what extent such coordination between DSO and TSO is necessary.
When the amount of flexibility needed is below a certain threshold, the flexibility mechanisms
does not need to include strong TSO-DSO coordination. However, when it is above such
threshold, there must be coordination or some kind of interaction to ensure system security.

A first sensible threshold for this insensitivity in active-power-based flexibility services
could be set at around 5MW of instantaneous power. In fact, (CEER 2020) highlighted this
threshold when it reviews the pilots and demos and their implications in imbalances. This first
range (0-5MW) in which flexible variations do not affect the transmission network or the sys-
tem operator is consistent with the volume of MV feeders, because of cable capacities. Indeed,
such sizes have never required coordination with the TSO even for programmed interruptions.
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The second threshold in active-power-based flexibility services could be established around
50MW. In the second range (5-50MW) there could be aggregated information from the DSO
to the TSO. Finally, from 50MW upwards, also a coordination procedure must be established.
A single market for DSO and TSO (“Common” or “Integrated” in Table 4) would fit these
needs. Substation transformers are supposed to be in the range of 10 to 50 MVA.

These two thresholds of 50MW and SMW are consistent with the dimensioning proposed
in the particular standards for a transformer and a MV feeder set by the DSOs for Spain
(DSOs, Spain n.d.) and match with the benchmarking in (Strunz, et al. 2014) and with the
volumes managed at DSO’s events in which there is no TSO participation.

3.5 Generalisation of the need through the system

Global problems would be exclusive to the overall system needs managed by the TSO
while local problems are network-specific, either from the TSO’s network, the DSO’s network,
or both. Therefore, the DSO has only local problems under its responsibility. However, there
may be a local problem that is repeated throughout the entire network, it becomes a gener-
alised problem. In that case, specific mechanisms should be considered to avoid addressing
individually a large number of similar problems at the same time.

A key aspect of market-based mechanisms to acquire services is the commitment to de-
liver the traded commodity, otherwise, the transaction does not take place. Tariff mechanisms,
however, have equally economic incentives, but without a commitment to deliver the service
beyond potential penalties. Cost-reflective tariffs have arisen in response to concerns about
the distribution of costs, avoid cross-subsidies and providing price signals to incentivise ef-
ficient investments in DER. The network can have very specific needs, in (Gémez, Cossent
and Chaves Avila 2020) differentiated tariffs for each node of the system is highlighted as a
theoretical efficient solution. An in-depth study of dynamic network tariffs has been carried
out in (Chaves, et al. 2021) and a methodology for network costs and generation costs due
to network usage has been proposed. Furthermore, the difficulty of implementing locational
variation in tariffs is recognised in (CEER 2020), mainly because of the public perception of
fairness or legal constraints. Thus, dynamic tariffs are not the best mechanism for specific local
issues and they could be considered for generalised local problems. Furthermore, if not prop-
erly designed, they can generate new inefficiencies. For example, unexpected responses could
create new issues in the grid.

Apart from dynamic tariffs, customers behaviour can be modified by rules-based mecha-
nisms that entail some kind of incentive to be followed. For instance, penalties are appropriate
to trigger the mass installation of a particular technology when the cost of that new technology
is lower than the penalty. But it is also necessary to consider the effect on efficiency losses, i.e.
the value beyond which the penalty no longer incentivises the installation of the new technol-
ogies and generally these penalties are static and are not tailored to specific needs.

3.6 Market Liquidity: Network and Resources Influence

Market liquidity can be defined in a simplified manner as the presence of enough traders
on both the bid and offer sides of the market to reach an optimal transaction (Schmidt 2000).
In a perfectly liquid market, an asset can be sold instantly with no loss of value. In fact, for a
large number of participants of demand and supply sides, the ability to negotiate is practically
zero, the market in perfect competition results in an efficient price. In contrast, in a market
with limited liquidity, the buyer or seller may have bargaining power and influence the price.
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When markets are still immature, liquidity is generally low. So, mechanisms to facilitate
trading are needed in illiquid markets. Mechanisms such as bilateral agreements are therefore
very appropriate for the most incipient markets. Some market mechanisms will develop suf-
ficient liquidity but others will remain illiquid, these will depend on the level of competition
gained. When more liquidity became available, auctions would be the next step to allow com-
petition. Since services may be remunerated by activation and availability, the market could be
cleared in different stages.

Liquidity growth may lead to the evolution of market-based mechanisms in some areas of
the network, in other areas such evolution will not take place, with non-market-based mecha-
nisms remaining optimal. The following fourth elements will have a direct impact on liquidity
growth.

I. Timeframe and information availability. Relevant information must be available to
all stakeholders sufficiently in advance so that providers can make their decisions. This
exchange of information will depend on the stage of the service. To this end, four dif-
ferent stages shown in Table 5 can be distinguished according to (E.DSO, etal. 2019).

The different information flows will be different among the actors. The type of
information required in each of the flows proposed in Figure 3 (in yellow flows
related to DSO services) and for each stage of the process need to be analysed.

As a result, the form and timeframe of that information exchange take place may
have a direct impact on market liquidity in case the information disclosure is not
made openly available for potentially FSPs.

II. Product specifications: Product standardisation among markets may, on one hand,
facilitate participation, as it is not necessary to meet specific requirements for each
market. With standard services, there is no need to revise the deployed technology,
both hardware and software, and processes to adapt to a new service need. But for
specific requirements and, due to particular providers characteristics, to facilitate par-
ticipation in the market, the product specifications could be adapted.

III. Ability to influence the price. In case of illiquid market conditions, a wide variety of
competition policies has been adopted across Europe to avoid dominant position lia-
ble to affect competition (e.g. Article 102 TFEU (EU 2008) or Act against Restraints
of Competition, (Bundesgesetzblatt 2013) § 18 in Germany). The applicability of
these policies needs to be considered for the considered market mechanisms.

IV. Cost structure, entry and exit barriers: It will be necessary to consider the costs of
market participation (e.g. necessary communications infrastructure), the costs of ac-
tivation (whether the matching involves the implicit activation order or not and the
possible activation infrastructure) or the costs of monitoring the transaction (whether
the market window coincides with the availability window for accepting activations
or not). The cost structure, CAPEX and OPEX, for participating in the market, as
well as entering or exiting the market will be a factor for determining the trade-off
between frequent markets (daily or weekly) or long-time markets. For instance, the
cost of the remote system for receiving or sending information in real-time is a cost
that needs to be considered in such a trade-off. As long as policies enable multiple
revenue streams these costs assessments should consider the combination of revenues
to be more accurate (Gardiner, et al. 2020). Finally, the lack of regulation is clearly a
barrier to trade services.
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TABLE 5
Information exchange in each process stage
Process Stage Information Exchange
Prequalification The technical and economic ability to participate in providing a

service is verified. All attributes of the service need to be assessed.

Forecast and service request | Specifying technical requirements, such as location, measurement
requirements, under-delivery consequences, over-delivery
consequences, ramp rate.

Accepting bids and Real-time commands or set-up points may be needed to be delivered.

activation Compliance with the technical requirements of the product may
require supervision.

Validation, measurement, The process to verify that the flexibility service provider has

and Settlement delivered according to the offer and the technical requirements

of the product and calculation of financial exchanges between
counterparties. A complementarity settlement process may be needed
in case of application of penalties for non-delivery according to the
commitments.

Source: Own elaboration.

FIGURE 3

Information exchange among stakeholders for providing grid services.

Prequalification, activation, measurement

Coordination

when required
FSPs/

Aggregators

exchange,
Settlement

Source: (Martin Utrilla, et al. 2021).

Y, 4. A DECISION FRAMEWORK TO EVALUATE THE MOST SUITABLE FLEXIBILITY ¥
PROCUREMENT MECHANISM

This section presents a decision framework for selecting the most suitable flexibility pro-
curement mechanism based on the characteristics of the network, the DSO needs and the
evaluation criteria described in previous chapters. The complete decision framework is shown
in Figure 4. For a better interpretation of the application of the criteria, the link to each of
them is indicated in the figure.

The DSO needs and their location presented in section 3 are key for some of the steps
of the decision framework. The voltage level in which the need occurs is decisive as network
operations and cost-benefit analysis are very different for each voltage level. As mentioned in
section 3.2, big differences are impacting the costs for each type of network (Table 2). And
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lastly, the timing in which the need is required before the activation also determines the type
of flexibility mechanism, especially in market-based mechanisms.

The question of TSO-DSO coordination, where the number of markets and the thresh-
old to activate the coordination are decisive in the upper part of Figure 4. Market liquid-
ity defines the efficiency of a market-based mechanism and determines whether a mar-
ket-based mechanism could be the most suitable one. The generalisation of the need as
local repeated issues will determine the suitability of dynamic tariffs. These criteria are
decisive in the lower part of Figure 4, in which low liquidity could be found.

Thus, the proposed decision framework is divided into three following the classifi-
cation in Table 1: one related to common TSO-DSO mechanisms, another one related to
non-market-based mechanisms and the last related to local market mechanisms. In this
framework, it is only intended to select the most appropriate tool for each case in a given
context. But the combination of alternatives offers solutions under a wider range of con-
texts. Moreover, for each specific need in a specific context, there is a tool that is the most
appropriate but may not be a stand-alone solution.

In addition, the behaviour of the network users is dynamic and constantly changing
active and reactive power flows. Therefore, it is interesting to have a wide variety of op-
tions available and apply one or other depending on the specific circumstances. For this
reason, the requirements on the same network element can be very different from one
day to another or even between hours. This means that the criteria for choosing the best
mechanism can also be dynamic. For example, there may be sufficient liquidity at some
times, justifying a market mechanism only for some time slots. Or there could be some
DSO requirements that need to be coordinated with the TSO because of the magnitude of
the need but the coordination might not be essential other days at lower magnitudes. So the
combination is possible and in some cases may even be desirable.

4.1 Common TSO-DSO market mechanisms

The first step in the decision framework as shown in Figure 5, after concluding that can be
solved with flexibility services depending on the type of need, is to identify in which part of the
network the need occurs. As discussed in section 3.4, non-meshed grids (LV and MV) that do
not have a strong impact on the TSO network can be managed exclusively by the DSO. Every
other need will follow the “upper” path of the Common Market Mechanisms. Both TSO and

DSO need to calculate the prospective variations in power flows to find out what the impact

FIGURE 5

Common market mechanisms — part 1/2.
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Source: Own elaboration 2021.
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on each other’s network would be, in aggregate or individual form. The thresholds suggested
in section 3.4 are a reference that can be considered. Then the specific coordination scheme
between TSO-DSO should be selected.

If there are separated markets, data must anyway flow in an aggregated manner to keep
the TSO informed and local market mechanisms would play their role. If not, the solution
follows the path of the Common Markets as shown in Figure 6. The criteria of the subsections
3.1, 3.2, 3.3 and 3.4 are relevant in this path. Enough liquidity is expected in this situation.
For long-term needs, it is important to consider the return on investment for the flexibility
provider. The commitment to delivery or the availability for a certain minimum time may be
decisive for the FSP to participate in the market. In this way, and depending on the market
liquidity, the decision to use short-term mechanisms for long-term needs can be taken. Some
long-term needs (e.g. flexibility options considered as alternatives to traditional investments)
can be managed in short term markets when they can provide reliable solutions because of
market liquidity. Finally, the characteristics of the product to be traded would be considered.

FIGURE 6
Common market mechanisms — part 2/2.
a Common TSO-DSO 1
e s market-based

o o
need? characteristics
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AVAILABILITY
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——————————————————

[ ———— g i |

Source: Own elaboration.

Short term markets (DA and RT as considered in section 3.3), are expected to be remu-
nerated mostly for activation when forecasts are accurate enough. But also, there could be a
combination of a long-term market for availability and a short-term market for the activation.
For this reason, for long-term markets, the activation and availability may be cleared and their
possible interaction with short-term markets (DA+RT) needs to be considered.

The type of the service and the timeframe of the need are relevant to choose the timeframe
of the market. For voltage control service in meshed networks at the TSO-DSO interface, a
common market mechanism is the most appropriate to account for the impact on both net-
works. Also, programmed maintenance at the extra-high-voltage network is a need that could
be solved with a congestion service in the common market in the day ahead after the energy
market schedules.
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4.2 Non-market-based mechanisms and long-term needs

Where exclusive solutions of the DSO are considered, potential market liquidity deter-
mines whether the mechanism should be market-based or not. Figure 7 shows the part of the
decision framework addressing these mechanisms. The criteria of subsections 3.1, 3.5 and 3.6
are relevant in this path. Given the assumption that market-based mechanisms are preferred as
they are the most eflicient solutions (CEER 2020), non-market-based mechanisms can only be
accommodated when there is not enough liquidity and market-based mechanisms are not able
to provide an optimal solution. If the need is generalised, and the response is useful for multi-
ple needs, dynamic tariffs are adequate mechanisms. Otherwise, bilateral agreements would be
more suitable to adapt to specific needs or where aggregation is not possible and resources must
be managed individually. For the same reason, dynamic tariffs are not applied a priori to solve
a problem in a specific location, because they address the whole system. However, if allowed,
dynamic tariffs applied in specific locations can be considered as a flexibility mechanism. If
not allowed, generalised problems in some specific locations could be managed in the market
even with low liquidity.

FIGURE 7

Non-market-based mechanisms.
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An example of non-based market mechanisms could be an agreement between a small gen-
erator connected to the LV grid and the DSO so that the generator can supply the distributor’s
customers at LV in the event of a failure at the secondary substation. This is a tailored-made
solution that can hardly be competitive. Some problems can be generalised throughout the
MYV and LV networks when deploying new technologies that can be installed quickly or elec-
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trification of loads, such as the electrification of transport with electric cars, the electrification

of heating and cooling or solar generation.

4.3 Local market-based mechanisms

Figure 8 addresses local market mechanisms. The criteria of subsections 3.1, 3.2, 3.3 and
3.6 are relevant in this path. Long-term solutions are more likely to be deployed in the early
stages as they ensure the commitment to deliver the service at a given price. Piclo Flex* is a
good example in the UK. It is a software solution that announces auctions that can be acces-
sible to flexibility providers for a long-term flexibility service, as approved by the regulator

(OFGEM 2019).

FIGURE 8
Local Market Mechanisms.
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4. https://picloflex.com/ (Accessed 14/09/2021).
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Within local market mechanisms, the decision framework is similar to the common mar-
ket. As less liquidity is expected, long-term commitments could become more relevant. There
also could be a combination of a long-term market for availability and a short-term market for
the activation. In high liquidity scenarios, short-term commitments delivered by market-based
mechanisms may be useful for long-term needs as it is more certain that there will exist any
ESP to provide the service.

Auctions fit in congestion management for low liquidity situations or incipient markets.
An application of such auctions can start with the publication of a need in an area fed by a MV
feeder for consumers to curtail their power in those time slots where forecasts detect possible

congestion in the coming months, resulting in a benefit related to network reinforcement de-
ferral (Villar, Bessa and Matos 2018).

Y 5. CONCLUSIONS ¥

A decarbonised economy allowing the integration of a more renewable and distributed
generation and new uses of electricity will require additional investments on a more digital
and resilient grid. Flexibility mechanisms are emerging as a new paradigm in network opera-
tion and planning to achieve a more effective utilization of the assets. This paper addressed the
analysis of the characteristics and criteria that condition the selection of the flexibility mecha-
nisms for every possible situation.

Each of the characteristics that can influence the selection of flexibility mechanisms has
been studied individually. Identifying the needs faced by the DSO, their location in the net-
work (LV, MV, HV) and the timeframe in which the need is managed. On the other hand,
other relevant criteria have also been studied in the choice of mechanisms, such as the impact
on the TSO’s responsibility, the possible generalisation of the problem or the potential market
liquidity. Deeming all of them, a clear decision framework is developed to match DSO needs
with the most suitable flexibility mechanism. The three types of situations were identified.

First, some mechanisms must necessarily be coordinated with the TSO because of their
impact on balancing or TSO grid. Then depending on the timeframe and the need, different
type of common or coordinated markets may be used.

Second, other situations in which there is not enough market liquidity, non-market-based
mechanisms are selected, such as bilateral agreements for specific needs or dynamic tariffs for
generalised needs.

And finally, for situations in which there is sufficient liquidity and there is no impact on
the TSO’s operation, depending on the need and timeframe, different types of local markets
can be selected.

The exclusive mechanisms for DSOs are still very unexplored in the literature and the lack
of liquidity plays a key role. Market-based mechanisms, preferred by regulators, can provide
optimal solutions when liquidity is high. Local DSO markets could work under those premises
but illiquid situations may occur in case of lack of maturity of the market and this situation
may even persist. Thus, non-market mechanisms may also have a relevant role to play in the
DSO environment.

The market design options, such as the timeframe, the exchange of information, the traded
product, the price formation, the cost or the barriers to entry and exit, will determine the ex-
istence of more or less liquidity and, therefore, the efficiency of a market-based mechanism.
On the other hand, while products and services need to be developed to manage flexibility
markets, they do not strongly influence the choice of mechanism but it does impact liquidity.
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To further develop this approach, the next steps would be to continue to study the nature
of the uses of electricity and the nature of the needs to match the solutions provided. In this
way, we could find out whether the value of the flexibility provided, for example by electric
vehicle charging, is used up by selecting an appropriate tariff or whether it makes sense to
incentivise aggregated solutions to resolve congestion in the local market or even the common
market.

The design of local flexibility procurement is being reviewed by national regulators. In par-
ticular, it is necessary to make an exhaustive analysis of the aggregator’s responsibilities to redi-
rect the tasks of searching for flexibility niches and incentivise customers to provide flexibility.
Even with the technology in place, conventional solutions may still be preferred by the DSO
because of the reliability and the associated remuneration. So, only if flexibility mechanisms
deliver significant efficiencies, the implementation of flexibility mechanisms can be justified.

The proposed framework aims to guide the most appropriate mechanisms but the au-
thors acknowledge that these mechanisms are not implemented in isolation but in a combined
manner. Future research should analyse compatible combinations and apply them to real case
studies.
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ABSTRACT The distribution grid faces several challenges related to the decarbonisation of the economy,
which require incorporating flexibility services alongside traditional grid reinforcement solutions to enable
an efficient grid development. Flexibility services, as well as the needs that require them, are very diverse.
Therefore, general estimations about the value of flexibility applicable to any given scenario are unfeasible
or imprecise. This paper reviews the literature on the quantification of the value of flexibility and proposes a
broad-spectrum methodology aligned with the actual challenges of the energy transition for the planning of
distribution network as it includes a comprehensive analysis of the real costs and the type of needs. Based
on it, four representative and realistic case studies compare the BAU (business as usual) solutions with
flexibility services analysing the technical and economic perspectives. Results show that flexibility value
depends on the case studies considered and that, under certain circumstances, BAU solutions can be more
competitive than alternatives with flexibility services. Network reinforcements in the distribution network
have a long lifespan and provide a reliable service to thousands of customers. However, flexibility services
can be particularly useful for accelerating decarbonisation with flexible connections or short-term solutions
to manage the distribution network operation.

INDEX TERMS Congestion management, flexibility evaluation, flexible connection, power distribution
planning, systems operation.

I. INTRODUCTION

The energy transition brings a new paradigm in which
dimensioning new grid components should not follow the
same conventional approach anymore, i.e. infrastructure is
no longer dimensioned solely for peak demand. Distribution
System Operators (DSOs) will also need to study the effects
of distributed generation (DG), new loads and storage and
their reliability, which means dealing with more uncertainty.
The unquestionable necessity in the investment of new infras-
tructures requires a prior review process in which network
users with diverse profiles, including consumers, generators,
storage units or a mix of them can have incentives to adjust
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to the grid conditions, becoming an alternative to traditional
network reinforcements. Peak demand with low local gener-
ation or peak local generation with low demand are scenarios
that can be actively managed by the DSO.

Digitalisation technologies enable active management of
networks and data exchanges between DSOs and their grid
users, or among system operators. However, the vision of
an uninterruptible electricity supply as an essential service
is still in force. The strategy of managing the power profile
from network users, both demand and generation, according
to the network conditions needs to be carefully reviewed.
Some electricity usages are not flexible enough, and the
flexibility services will not meet their goals if the incentives
are insufficient to move away from the BAU (business as
usual) solution.
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The use of flexibility in distribution networks has been
addressed extensively in the literature as shown in [1], [2], and
[3]. Flexibility has also been tested in different pilots from
different purposes with convincing results. Projects such as
CoordiNet [4], EUniversal [5] or OneNet [6] demonstrate that
services based on the active management of grid-connected
resources can provide efficient and beneficial services and
products for the operation of the distribution network and
enable efficient use of the distribution network focusing
on TSO-DSO coordination, platform development, service
design or market testing.

In this paper, a literature review is conducted on assessing
flexibility in comparison to traditional solutions from dif-
ferent points of view: methodology, costs considered, and
the drivers taken into account. A practical methodology to
evaluate the value of flexibility is proposed, including a
complete cost calculation aligned with the real needs in
managing distribution networks. This paper also selects a
set of representative case studies by making a prior anal-
ysis of the drivers that determine the present and future
network planning and draws some conclusions on the real
usefulness of implementing flexibility services in different
cases. Conventional solutions and flexibility alternatives are
analysed, and an economic study of the possible solutions is
carried out. Finally, considering the risks of dealing with more
unpredictable parameters even close to real-time in a more
dynamic way of operating the grid, a sensitivity analysis is
necessary to calculate a range of cost-effective conditions for
using flexibility.

This paper continues as follows. Section II presents the lit-
erature review to guide the methodological approach. Section
II describes the methodology used to evaluate flexibil-
ity solutions. Section IV describes four case studies where
flexibility solutions can be alternatives to BAU network
investment, compares the results of the case studies and
discusses the relevant parameters where flexibility can be
alternative for BAU investments. Finally, Section V draws the
main conclusions.

II. LITERATURE REVIEW ON FLEXIBILITY EVALUATION
As a preliminary step, a literature review on three related
topics has been carried. Firstly, the type of methodologies
applied in the literature are analysed. Secondly, this section
studies what inputs have been considered to assess the value
of flexibility; and, thirdly, an analysis of what use cases have
been evaluated is made. Given that the objective is to obtain
an accurate estimation of the value of flexibility, all three
aspects are decisive. Those references with a focus on the
assessment of flexibility for networks were considered. Other
references focused on the power system balance such as [7],
[8] or [9] were not taken into consideration.

A. METHODOLOGIES

Traditional network planning studies consider the worst-case
scenario and apply deterministic methods. With flexibility
services, a greater number of scenarios must be considered,
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FIGURE 1. Methodologies classification obtained from the literature
review Source: Own elaboration.

which require probabilistic or stochastic approaches. This
vision can be applied to the modelling of uncertainties in
the performance of flexibility solutions, traditional solutions
and even in the calculation of grid requirements. As a result,
methodologies can vary greatly and can be applied to differ-
ent stages of the planning process.

Methodologies for flexibility evaluation can be categorised
as shown in Fig. 1. Some references adopt a descriptive
approach with no quantitative calculations. Such is the case
of [10], which provides some recommendations on market
design and economic requirements for flexibility provision
by electric vehicles (EV), or [11] that describes the evaluation
mechanisms at the local level. Likewise, [12] proposes a
synthesis of the costs and benefits, and [13] evaluates four
projects from a qualitative perspective.

Turning to the publications that perform some form of
quantitative evaluation, the first group of papers follow
deterministic approaches, e.g. [14] performs a thorough
cost-benefit analysis of implementing network flexibility
for several case studies. Some references use optimisation
methods such as in [15] in which the technical poten-
tial of flexibility alternatives are evaluated, as a theoretical
upper limit for reference costs. Reference [16] applies the
sector-coupling model GRIMSEL-FLEX (quadratic dispatch
with perfect foresight), to optimize both the flexibility solu-
tion and the reinforcement solution simultaneously.

On the other hand, another family of papers implemented
analytical stochastic methodologies to model uncertainty. For
example, authors in [17] consider probabilities of different
demand scenarios in the formulation, obtaining a distribution
of flexibility values. Reference [18] evaluated a case study
for the United Kingdom using a decision tree with variations
in costs and probabilities of flexibility needs. Reference [19]
applies an optimization model to a photovoltaic integration
case study, minimizing the costs of flexibility. In [20] a real
option valuation is performed based on scenario trees and
Monte Carlo simulations to optimize grid investments.

Lastly, some publications combine stochastic methods
with optimization models. Some of them use meta-heuristics,
such as [21] where a genetic algorithm is used to solve a
bi-level risk-based optimisation using a stochastic model to
consider the uncertainty, or [22] which applies a particle
swarm optimization algorithm to optimise flexible resources.
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TABLE 1. Literature review and compliance with requirements.

Ref. Electric Demand Distributed | Mix  of | Not
mobility response Generation | drivers specified

[10] X

[12] X

[13] X

[15] X

[14] X

[17] X

[18] X

[19] X

[16] X

[21] X

[22] X

[20] X

[23] X

[24] X

[11] X

Optimization-based papers present diverse objective func-
tions, ranging from the minimization of the cost of the
solution with reinforcement [21], minimization of flexibility
costs [19], determination of optimal flexibility requirements
[16],0r a combination of the former [22].

Likewise, there is a range of optimization methods, which
may be equally valid depending on the strategy or data avail-
able. Therefore, the methodology framework proposed must
fit any type of model to solve and any type of need. Reference
[23] proposes a planning framework that integrates different
types of algorithms, addressing the entire planning process,
including data collection.

This paper proposes an analytical methodology in several
stages, under a simplified framework focused on carefully
selecting the variables to be considered to make a more
accurate assessment. This methodology could be improved,
and different optimization methods could be integrated in
the treatment of these variables, but before fine-tuning the
result, it is necessary to approach the flexibility assessment in
an adequate way without neglecting necessary and decisive
variables without which it would be meaningless to impose
complex optimization methods.

B. DRIVERS CONSIDERED

Network flexibility needs are different depending on their
driver, i.e. integrating renewables, electric mobility, demand
response, the electrification of other energy uses or a mix
of them. As shown in Table 1, the reviewed references tend
to target a single specific driver, being demand response the
most commonly studied. Many references do not specify a
driver, but rather a generic flexibility need without taking into
account the specificities of each of them. Only [16] conducts
a comprehensive study considering several possible drivers
with the purpose of comparing flexibility options, albeit not
considering the different grid needs generated.

To make a more accurate assessment of the flexible option,
it is necessary to consider the driver that motivates it, both for
network planning and operation. Not only because of the new
flexibility there may be in reference to that driver, but also
because of the network issues that may be created.
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The drivers for determining short-term and long-term
needs and new grid investments have historically been based
on predictions of standard consumption profiles. The drivers
of steady demand growth, city planning, or new connec-
tion requests will remain relevant. Nonetheless, as shown in
[25], decarbonisation efforts bring about new drivers that can
be broadly classified into new economic activities, electric
mobility, electrification of heating and cooling, resiliency-
driven investments, and other new uses of electricity (e.g.
industrial processes). Table 2 analyses the old and the new
drivers for network development and relates them to their
effects and challenges for grid development.

Reference [26] presents a similar comparison as it identi-
fies indicators used to evaluate the planning of the distribution
network, sorting them into reliability indicators, economic
indicators, coordination between actors and renewable gen-
eration connections, all of which are considered in this study.
In addition to these indicators, a short list of future challenges
is proposed.

C. COSTS AND BENEFITS CONSIDERED

The efficiency of flexibility in comparison to BAU solutions
depends on several factors related to the grid, its users, and
the flexibility providers. As summarized in Table 3, previous
works have considered the following: flexibility costs (cal-
culated or estimated), required investment and expenses to
enable flexibility: capital expenditure (CAPEX) and operat-
ing expenditure (OPEX) breakdown, the frequency/duration
of activations -which is a significant factor in the cost of
flexibility, the cost of conventional solutions, and the realistic
case study considered.

As shown in Table 3, most of the references propose a
quantification for the value of flexibility, while some oth-
ers do a descriptive analysis, such as [10], [13], [15], and
[20]. Only two references [17] and [21] analyze the costs in
greater detail by breaking down the Capex and Opex costs.
Some others calculate flexible solutions without considering
the duration of activation, such as [12], [14], [20] and [24].
Other references considered a very simple calculation of the
conventional cost, such as [16], [18], [19], [22], and [23].

In summary, after the literature review, a gap is found
to make a detailed analysis of the flexibility costs in order
to make an accurate comparison. The flexibility value will
depend on costs parameters faced by Flexibility Service
Providers (FSPs), system operators and market operator,
as well as the costs of the conventional solution, that need
to be considered. The methodology must be based on trying
to cover the entire possible spectrum of needs, so it must
be simple and broad, with the possibility of fine-tuning and
optimizing any part of the process.

Ill. METHODOLOGY: COST DESCRIPTION AND
EVALUATION OF FLEXIBILITY SERVICES

The broad-spectrum methodology proposed starts from the
type of need, regardless of the driver that motivates it. And
then it makes an exhaustive analysis of the costs derived from
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TABLE 2. Drivers for grid investments. Source: own elaboration.

Drivers Effects Challenges
Traditional | Ordinary demand growth Increased energy flows in the grid. Maintaining electricity supply and reliability
Drivers [30] levels
Extraordinary demand growth New energy flows in the grid. Urban planning. | Integrate new energy withdrawals safely
Maintain grid reliability Increasing complexity in ensuring the system | Usually associated with regulatory incentives
[36], [37] reliability and a commitment to maintaining technical
parameters within established limits
Environmental concerns. Losses reduction. | Different constraints and incentives for grid | Regulatory compliance whilst containing cost
Cost reduction, other regulatory investments | investments. levels.
[38]
New Massive connection of DG Energy flows in both directions that can | Integrate sustainable generation. New
Drivers [40], [41], [42], [43] generate new challenges for the grid. planning tools are required.

Electrification of

(e.g.
industries,

energy uses

production)

New economic activities
electrification of
hydrogen

Unpredicted new energy demands as a
consequence of the shift away from fossil fuels
and motivated by policies outside the electricity
sector

Identify unpredicted demands to do a specific
plan for the new energy profile

Electric mobility
[28], [45]

Increase of energy consumption with the
possibly high-power requirement but with the
flexibility to charge at different times

Incentivise smart charging strategies.

Electrification of heating | Increase of energy consumption with a certain | Make use of flexibility potential
and cooling .[48],[49], | flexibility
[50]
Resiliency Frequent extreme weather events resulting from | Maintaining continuity of the service and
[53], [54] climate change reliability at the required levels
TABLE 3. Literature review on valuing DSO flexibility.
Long Compare Calculate
hreshold i -

Ref. Flex Break- Dura- BAU BAU Realis- :;:2 ¢ E:.s,v: :::]f:, ;:t -
value down in | tion of | solution | cost tic case S
quan- CAPEX | activa- consi- calcu- study %
tifi- and tions dered lation g
cation OPEX Short v

[10] X term Calculate remedial cost

[12] X X need

[13]

[15] X X FIGURE 2. Methodology for comparing BAU and flexibility solutions.

[14] X X X Source: own elaboration.

[17] X X X X X X

[18] X X X X

[19] X X X

[16] X A. COSTS COMPARISON DEPENDING ON THE NEEDS

gg X X X X X The needs of the network can be divided into long-term

X X X X .1 .

[20] needs and short-term needs as indicated in [27]. For long-term

[23] X X X needs, network reinforcements are compared with flexibility

[24] X services, considering the risk of not reinforcing addressed in

the necessary flexibility solution, since the type of solution
will depend on the type of need, as concluded in [27]. Assess-
ing the cost competitiveness of flexibility is not a simple
task since, as mentioned in [28], casuistry is very diverse
and highly country specific. Following this methodology,
the competitiveness of flexibility versus BAU is quantified
and evaluated. Afterwards, by selecting use cases related to
some relevant drivers in the energy transition, it is possible
to make a comparative analysis of various needs and various
flexibility solutions following the same methodology.
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section B. However, for short-term needs, the comparison is
not made with the reinforcement cost, but with the cost of the
corresponding remedial action. Fig. 2 shows this methodol-
ogy. The different steps could include optimization functions,
whether for the calculation of the best reinforcement solution,
the calculation of the best flexibility solution, or the calcu-
lation of the network requirements by means of an optimal
power flow (OPF). Indeed, all the costs considered can be
studied and optimized. However, there is a preference for
separating the methodology from the optimisation methods
that may exist in any part of the process, as can be seen in
[11] or [18].
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B. RISKS OF NOT REINFORCING AND NOT CONTRACTING
FLEXIBILITY

As studied in [28], reinforcing the network or contracting
flexibility are not the only options. A third alternative would
be to accept the risks of not contracting flexibility, nor rein-
forcing the grid.

This risk is difficult to model because it involves making
a trade-off between the reliability of the network and the risk
that the DSO wants to or can assume. It therefore depends
on its strategic decisions. However, it is assumed that small
punctual overloads in the distribution network are acceptable
and do not affect the useful life of the assets [29].

The longer the duration of the overload or the larger the
overload, even of short duration, the more unacceptable the
risk becomes. This risk can be modelled with a time-load
curve similar to the time-current one used by protective
devices [30].

In [29] a relationship between Load and Duration is estab-
lished based on equal risk criterion. Different curves are
defined depending on whether it is planned or emergency
loading. These threshold curves (TC) depend on the strategy
and according to its shape, it is proposed to be assimilated as
a logarithmic curve as presented in (1) or in (2):.

h =B +logy (@ —P); (0 > 1) ey
P=a+0"(B —h) @

where:

e o, B, 0 are constants that determine the shape of the
curve and that depend on the strategy. o, B allocate
the curve in reference to the axis, which is useful to
adjust the strategical situation as in Fig. 3 (emergency
or long term), and @ will define the slope and has to
be more than one and positive, which will depend on
the type of asset and the number of overloading hours
that can support. A smaller  will determine a steeper
curve and therefore a greater sensitivity to overloading.
For example, an underground line would present a lower
0 than an overhead line.

o P is power in MW.

In the long term, this curve is not calculated for the purpose
of obtaining the cost, but to have a threshold from which no
action beyond the monitoring of the asset would be necessary.
The scenarios presented in the previous figure on planned
loading or emergency loading are measures that have to be
configured depending on the risk to be taken by the DSO.
Therefore, for the long term in this section no cost is con-
sidered. The DSO strategy considers a limit of hours below
which neither flexibility services nor network reinforcement
are necessary. When the load gets closer to this value, the
network requires a planning action in line with the evolution
of the need.

As can be seen in Fig. 3 different curves can be proposed
depending on the risk that the DSO wants to assume. When
alpha is high, the DSO assumes the risk of long-lasting high
overloads, which is an operational decision that depends
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FIGURE 3. Threshold Curves TCs in dotted lines for no actions depending
on the strategy (changing « which determines the admissible load for
loads lasting many hours). In continuous line an expected UDC. In more
emergency situations, greater limit curves will be considered and in more

ordinary situations, lesser limit curves will be considered. Source: own
elaboration.
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FIGURE 4. UDC close to the TC (dotted): There are different zones where
no actions are considered: when being a few hours of overload or when
being low overload. Source: own elaboration.

on the different risks to be assumed in different scenarios,
configuring emergency scenarios or planning scenarios as
proposed in [29]. Depending on the position of the thresh-
old curve (TC), as long as it is above the Use Duration
Curve (UDC), analogue as the Load Duration Curve (LDC),
a certain value can be chosen. Thus, this curve may be com-
pletely above the UDC (when there is not enough saturation),
or completely below the UDC (when a flexible solution or
reinforcement is very necessary).

In some cases of mixed situations are possible as shown in
Fig. 4 that, depending on the number of hours of need, long-
term solutions are considered.

In the case that UDC and CT intersect more times, the
most relevant intersection is the one that always has the TC
curve above the UDC on the right. This point determines the
number of hours that need to be considered as critical.

In short-term operational needs scenarios, the risk of tem-
porarily overloading certain elements may be more bearable,
especially because short-term needs can hardly be covered by
network reinforcements. However, the remedial actions that
can compete with flexibility solutions are different for each
type of network. For example, for the work of replacing a
transformer in a secondary substation due to failure or main-
tenance, a mobile generator can be installed so that customers

VOLUME 11, 2023 105



F.-D. Martin-Utrilla et al.: Value of Flexibility Alternatives for Real Distribution Networks

IEEE Access

do not suffer the interruption. The cost of installing a larger
or smaller generator would compete with the flexibility offer.
For this reason, there may occasionally be a cost to transcend
this threshold in the short term.

C. FLEXIBILITY COSTS DESCRIPTION

The calculation of the cost of a specific flexibility service fol-
lows the equation (3). This description is more complete than
the one carried out in [22], which only considers flexibility
activation costs. Following the same equation, the values vary
depending on the service.

Cos tﬂe.sx _ ODSO Op flex + ODSO Pl flex + CEnab flex

+ Costhtﬂ 4 CostAggﬂ o 3)

where:
. Cost’:,lf;c is the annual cost (year n) of using a flexibility
service s, including CAPEX and OPEX.
ODSO Op flex is the OPEX Operation cost (year n) for the
DSO in year n of using a flexibility service.
o BSSO PLflex ; s the OPEX Planning cost (year n) for the
DSO in year n of using a flexibility service.
. CE"s”b flex s the CAPEX Enabling cost (year n) for the
DSO in year n of using a flexibility service.
Mkt fex 5 the Market cost (year n) of using a flexi-
b111ty serv1ce
FSP flex is the payment (year n) to the FSP for
provmg a flexibility service. Also including CAPEX
and OPEX as there is an investment to be made by the
flexibility provider.

A description of each term of the equation follows below.

1) DSO: OPEX AND CAPEX
Operating costs are separated from the planning costs (i.e. the
costs of long-term requirements).

a: OPERATION OPEX COSTS

Based on the study conducted in [28], which considers Opex
and Capex costs for every option; but also on other studies
such as [31], with the same approach but comparing coordina-
tion schemes; [17], considering all relevant factors the annual
costs of flexibility; and [22], with the methodology approach.
The calculation follows the equation (4).

DSO Op flex DSO Op Activ

D FSP
ps — hxOP SOOp S,

+ fspx Oy, (@Y]

where:

« h are the hours of activation

. Eio Op Activ i< the cost for activation duration for the
DSO

. fSB is the number of resources which provide the service

e Oy,

SO Op FSP i< the cost per FSP for the DSO.
These costs will be mainly linked to the costs associated
with the prequalification process, the studies of short-term
alternatives and monitoring. This cost will mainly depend on
the hours of activations and the number of resources enabled.
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The number of activations in hours may be calculated
depending on the DSO’s needs at any given time as shown
in [23] or in [32]. For this purpose, for long-term congestion
needs is useful to obtain a function of the UDC of the con-
gested element. For other types of needs, for reactive power
or voltages for example, the same method would apply. This
data is necessary input for network planning, an optimized
curve is assumed for each hour of network operation. To treat
these curves it is necessary to filter out possible outliers due
to extraordinary situations in the network.

The UDC is used for the calculation of network require-
ments. By observing that the format of the curve for different
real cases is similar, a logarithmic formulation is adjusted to
the following formula.

P=—-AxInh+B 5)

where:

o P is the power limit

o h is the hours of activation

« A and B are constants that depend on the load forecast
According to it, equation (4) can be re-written as:

h = e"((B — P)JA); 0250 OPJex _ or((B — P)/A)

XOESO Op Activ + fSpXODSO Op FSP

(6)
b: PLANNING OPEX COSTS
As for the planning process, the equation is as follows:

QPSOP flex _ RxOPSOPIFSP — po fop x QDSO PLFSP
Q)
where:

« R is the number of requests for connecting new
resources that are referred to the service. This number is
closely related to fsp and can be considered proportional
to the service.

o ODPSOPIFSP is the cost per FSP.

Planning costs are linked mainly to the costs associated
with cost-benefit studies of long-term alternatives and the
definition of the need for investing in the network. Therefore,
these costs depend on the number of requests and not so much
on the activation.

¢: ENABLING OPERATION AND PLANNING. CAPEX COSTS
Enabling costs refer to those necessary for the software and
hardware required to start using flexibility. These are the
most significant costs since enabling the solution requires
putting in place tools for managing flexibility, monitoring,
and managing data that are not necessary with traditional
solutions. On the other hand, there is an initial cost to start
the process and an annual cost to maintain it. The initial cost
also includes monitoring and data management, training, and
communication.

In terms of annual costs, maintenance and improvement
costs of these tools are considered:

Sunk flex Plat flex Mon flex

Su = Pl +cM + CDatﬂex 8)
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where:

Plat flex . . .. .
e Cuy f1ex 5 the annual cost of maintaining and improv-

ing the platforms. In this case, the operation and
planning platforms for the calculation of the needs are

included.

. ,1)“;’“ Jtex ; is the annual cost of the monitoring infrastruc-
ture, including real-time data and set points.

. Cgf;tﬂ “*is the annual cost of the data management

infrastructure, including sharing and acquisition plat-
forms and data processing.

2) MARKET: OPEX AND CAPEX
As for the market costs, the equation is as presented in (9):

Costhtﬂex Z OlC]m + C’(,:APEX Mkt Sys (9)

where:

. OiClm is the OPEX cost for all services of the long-term
and short-term market clearing, validation market data,
receive information from the prequalified units, receive
flexibility Long-Term and Short-Term needs from DSO,
Open the market and inform flexibility needs and
Receive flexibility offers.

(o ,(,:f?PEX MKT 855 i the CAPEX annualized cost of the
calculation of baselines, interfaces to SO platforms, best
procurement strategy deployment (auction / market) and
communication with the rest of market platforms (bal-

ancing, congestion.. . )

CSAPEX MKT Sys 4o expected to be significantly higher than

, since it represents the entire investment in the market.
The value OClmls also proportional to the number fsp, as it
defines the maximum number of bids.

ofim

o™ = fsp x O™ (10)

where:
OF™ is the OPEX cost for a specific service s of the
loﬁg-term or short-term market clearing, validation mar-
ket data, receive information from the prequalified units,
receive flexibility long-term and short-term needs from
DSO, Open the market and inform flexibility needs and

receive flexibility offers.

3) FLEXIBILITY SERVICE PROVIDER: OPEX AND CAPEX
As for the FSP costs, the costs are presented in (11).

CostAggﬂex — z CFSPm Z OActm + CCAPEX Agg Sys
i,s
(1)

where:

. CE?P“' is the OPEX cost of receiving scheduling data
from generators, consumers, and flexibility Prediction
0ACtm is the OPEX cost of calculation of flexibility bids,
long -term & short-term flexibility activation, procure-
ment of flexibility, real time flexibility activation and

real-time monitoring.
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. CCAPEX A28 SYS 16 the CAPEX annualized cost of the

operation platforms, data management, flexibility pre-
diction tools, data acquisition from DERs, communica-
tions and interface to market platforms
As in previous cases, is proportional to the number of FSPs
and is proportional to the number of activations in hours as
presented in (12):

CEP™ = fsp x Aggls™ (12)

where:
. Agg is the OPEX cost to receive scheduling data
from’ generators, consumers, and flexibility prediction
for a specific service s
And

FSPm

0™ =h x O™ (13)

where:
0ACtm is the OPEX cost of calculation of flexibility bids,
long term & short-term flexibility activation, procure-
ment of flexibility, real time flexibility activation and
real-time monitoring for a specific service.

4) FLEXIBILITY COST FORMULA
Taking into account all the values and proportionalities
deduced in the previous subsections, (14) can be deduced:

Cost” s = Z h x CostACt + Z fsp x Cost; SP + CostEmab

(14)
And for the long-term the equation is as in (15):
Costh™ =" e"((B — P)/A) x Cost + > fsp
xCosti’sf + CostEnab (15)
where:

. CostésCt is the total cost that is proportional to the hours
of actlvatlon
o Cost; Sp is the total cost that is proportional to the number
of FSP
o Cost®mP s the total cost that do not depend on the
hours of activations or FSP participants in the service
and remains constant for a year.
o P is the power limit
o A and B are constants that depend on the load forecast.
o fsp is the number of resources that are referred to the
service
Since it will not be possible to manage the enabling costs at
the time of the comparison, the flexibility costs is considered
once the service has been enabled, and will therefore corre-
spond to the following formula in (16):

Cost’le'sx = Zh X CostlACt + Z fsp x Costfff (16)
And for the long-term is as in (17)
Costﬂex = ZeA((B P)/A) x CostACt
+ > fsp x Cost;? (17)
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5) LIST OF NOTATIONS
As a summary for a better understanding of the costs consid-
ered in this section, Table 4 shows the notations used in it.

IV. CASE STUDIES FOR EVALUATION OF FLEXIBILITY
SOLUTIONS

As mentioned in section B, the selection of representative
cases is triggered by new flexibility drivers. Fig. 5 sum-
marizes the realistic case studies selected and their main
characteristics.

All four case studies are based in network situations with
realistic parameters from Spanish grids and compatible with
the values in the Joint Research Center (JRC) DSO Observa-
tory publications [33], [34], and [35].

Regarding large-scale DG connection, two scenarios are
chosen for the two renewable technologies that have prolifer-
ated the most: photovoltaic generation and wind generation.
These are the two most relevant technologies in the case of
Spain, where the National Energy and Climate Plan (NECP)
[36] foresees 62 GW will come from wind energy and 76 GW
from solar photovoltaic. Both technologies already represent
a high installed capacity in 2022 (27.5GW of wind and
13.6GW of photovoltaic, PV).

Photovoltaic capacity has increased almost 3 times in Spain
in four years [37], and wind generation connected to the
distribution grid has become the first source of electricity in
the country [38].

In the case of electromobility, the number of vehicles has
increased fourfold in the last four years [39] and the NECP
also foresees a boost for electric vehicles [36]. This rate is
higher than the electrification of other processes or heating
and cooling. The resilience case completes the list of case
studies considering a short-term need in the network caused
by a temporary asset unavailability. This situation is not new,
although it may be more frequent in the case of extreme
weather conditions depending on the fragility of the grid [40].

All the case studies presented are framed in the Spanish
context, considering the Spanish distribution networks, which
according to the network characteristics described in [34]
could be broadly representative for most of the European
Union, which also have ambitious targets in their NECP [41].

For calculating reinforcement costs, the unit costs set in
[42] by the Spanish regulator is considered. This is a public
cost reference used by the regulator. The solution considered
is based on a real network.

To perform the evaluation, the cost of investments related
to BAU solutions are obtained from the information of dif-
ferent technologies that the Spanish regulator published in
2015 [43]. Since many costs are CAPEX, in order to annualise
these costs, a WACC (Weighted Average Cost of Capital) of
5% has been considered to levelize the investment over the
useful life, which is considered of 40 years following [43].
Regarding remedial BAU costs, an average Value of Lost
Load (VoLL) of 7.9€/kWh is also considered [44] that pro-
vides a baseline for Spain. Similar values are found in [45],
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TABLE 4. Notations related to costs description.

Notation Units Variable description
Cost/'* Monetary ~ Annual cost (year n) of using a flexibility
’ unit (€) service s, including CAPEX and OPEX
oPs00pflex  Monetary ~ OPEX Operation cost (year n) for the
’ unit (€) DSO in year n of using a flexibility
service s
h Hours (h)  Hours of activation of the flexibility
service
ofl"sso OpActiv. Monetary  Cost for activation duration for the DSO
unit (€)
fsp Number Number of resources which provide the
service
OPSCOPFSP Monetary  Cost per FSP for the DSO
' unit (€)
oPSOFIflex Monetary ~ OPEX Planning cost (year n) for the DSO
’ unit (€) in year n of using a flexibility service.
cEnabflex  Monetary =~ CAPEX Enabling cost (year n) for the
’ unit (€) DSO in year n of using a flexibility
service
R Number Number of requests for connecting new
resources that are referred to the service
QDSOPIFSP Monetary ~ Cost per FSP
unit (€)
cSunkflex — Monetary ~ Annual cost of enabling the flexible
’ unit (€) solution
chlatflex Monetary ~ Annual cost of maintaining and improving
’ unit (€) the platforms
clMon flex Monetary ~ Annual cost of the monitoring
’ unit (€) infrastructure, including real-time data
and set points.
chatfex Monetary ~ Annual cost of the data management
’ unit (€) infrastructure, including sharing and
acquisition platforms and data processing.
CostM¥t/!e*  Monetary  Flexibility market platform operating
’ unit (€) costs
ofm Monetary  OPEX cost for all services of the long-
unit (€) term and short-term market clearing,

validation market data, receive
information from the prequalified units,
receive flexibility long-term and short-
term needs from DSO, open the market,
inform flexibility needs and receive
flexibility offers.

CCAPEXMKLSYs  Monetary ~ CAPEX annualized cost of the calculation

unit (€) of baselines, interfaces to SO platforms,
best procurement strategy deployment
(auction / market) and communication
with the rest of market platforms
(balancing, TSO congestion management)
Co stﬁgsg flex  Monetary  Flexibility Service Provider and
’ unit (€) Aggregator costs
CTSPm Monetary  OPEX cost of receiving scheduling data
unit (€) from generators, consumers, and
flexibility Prediction
Oﬁsm“ Monetary ~ OPEX cost of calculation of flexibility
unit (€) bids, long-term & short-term flexibility

activation, procurement of flexibility , real
time flexibility activation and real-time
monitoring.

CEAPEXAgeSys Monetary  CAPEX annualized cost of the operation

unit (€) platforms, data management, flexibility
prediction tools, data acquisition
AggrsPm Monetary  OPEX cost to receive scheduling data
unit (€) from generators, consumers, and

flexibility prediction for a specific service
s

[46], and [47]. In all cases, there is a relevant component of
CAPEX considered as sunk cost which relates to investment
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Case Study 1: Massive DG
connectionHV

Case Study 2: Electro-

mobilty

Case Study3:
Maintenance of a high-
voltageline

Case Study4: Massive DG
connectionLV

Need: Congestions Need: Congestions Need: Congestions Need: Congestions
inlong-term inlongterm inshortterm inlongterm
Network: 132kV Network: MV urban Network: 132kV Nemork_:Secord‘alov
meshedgrids grids meshedgrids [\
Solution: Solution: Solution:
e Congestion Congestion Congestion
“Lf;::;':nm management management management
(marketor (marketor (marketor
agreement) agreement) agreement)

FIGURE 5. Summary of realistic case studies selected based on a Spanish
distribution grid.

FIGURE 6. Single-line diagram of a new flexible connection. Red and
green colors represent TSO voltage levels, and blue and black are related
to sub-transmission voltage levels (operated by the DSO in this case).
Source: i-DE (Spanish DSO).

in operating platforms, data exchange links between plat-
forms and tools for flexibility management, planning and
operation with flexibility, baseline calculation, market clear-
ing, among others.

On the other hand, the cost of the traditional solution is
also constant and independent of the hours of activations
and the number of FSP for a given year. This cost is also
calculated considering different scenarios that are not always
comparable with a single flexible solution, so it is convenient
to consider a fixed value of the traditional solution.

A. CASE STUDY 1: MASSIVE DG CONNECTION IN HV. NEW
FLEXIBLE CONNECTION TO SUB-TRANSMISSION GRID OF
RENEWABLE GENERATION
As discussed above, allowing the connection of more gen-
eration capacity that the grid can evacuate at any time
without reinforcement requires Active Network Management
(ANM). A flexible connection as a connection agreement
described in [48] requires a service from the DSO, which
would go to “‘no-fit, don’t forget” and would require mon-
itoring and control of the limits by the DSO.

Some ongoing pilots are considering ANM with different
approaches such as in [49] or [50] in the United Kingdom.
Limitation control and active management are carried out
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automatically and require some investment to automate the
execution of the algorithms. Note that the limitation control
can also be done manually in those cases where the invest-
ment of automating the solution is not more efficient than the
manual solution itself.

1) GRID DESCRIPTION AND IDENTIFICATION OF THE
NETWORK NEED

The case of manual management is considered as an example.
Due to the high penetration of generators in an area (grid
between city A and city D in Fig. 6) there is a risk of over-
loading a 132kV sub-transmission line, which is occasionally
open to avoid energy transfers that may occur when the
400KV line between A and D is open.

In this case, where the transmission line runs parallel to the
distribution line without any branches, the operation of TSO
and DSO requires special coordination. Any manoeuvres in
the network should not cause congestion at any level. That is
why a request for the connection of a new 5S0MW generator at
point C in Fig. 6 would require to build a grid reinforcement
in the 132kV network. The reinforcement required is costly,
and the execution time is long, amounting to several years.
This situation exceeds the thermal limit set for that system by
7.5MW. Therefore, there is a possibility to allow this wind
farm to connect before building the reinforcement while the
thermal limit is monitored and not violated by the impact of
the wind farm by doing active management of the generation.

2) BUSINESS AS USUAL SOLUTION
The TC provided by the DSO is:

h=p+logy (@ — P) = —log; ,3 (P —120)  (18)

Which is below the power needed as can be seen in Fig. 8,
so either reinforcement or a flexible solution is needed.

To maintain the reliability levels of the network and to
connect directly to substations in B and D and not jeopardize
the current line running between them, the BAU solution
would be (see Fig. 7):

- Construction of a 132kV to 20kV substation for power
evacuation (this reinforcement is necessary to connect to the
grid)

- Construction of two 132kV lines from B to C and from C
to D with a total distance of several tens of kilometers.

- Modification of substations B and D to connect the new
lines.

a: BAU SOLUTION COST
The costs for a new connection with the BAU approach would
be 6,333,000€, obtained as follows:

- Construction of two 132kV lines:

30km x 183,547€/km (code TI-1UX
5,506,410€

in [42]) =

n Fig. 6, if A1-D1 line is open, energy from Al to D1 may go through
A2,Bl and D3.
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FIGURE 7. Single-line diagram for new connection including
reinforcements. Source: i-DE (Spanish DSO).

- Modification of substations B and D to connect the new
lines.

2 Bays 132kVx 413,270€/bay (code TI-91U in [42]) =
826,540€

The lifetime of this investment is considered to be 40 years
[43] and annualising the cost considering a WACC of 5%
gives an annualised cost of 369,075.59€.

3) ALTERNATIVE SOLUTION WITH A FLEXIBILITY SERVICE
According to the framework in [27], the case of the flexible
connection is based on a bilateral agreement. This agreement
establishes the periods in which power curtailment is nec-
essary to ensure compliance with grid requirements. These
periods must be agreed based on a long-term forecast, as it is
intended to be compared with a reinforcement of the grid.

Fig. 8 shows the number of hours per year that are needed
for wind generation to be curtailed. In this case the UDC and
TC intersect only once. By sorting the hours of one year from
highest load to lowest load in descending order, the hours in
which a solution is necessary are obtained. These hours are
the ones exceeding the maximum of the 132kV line capacity
considering the generation and load curve in the energy flow
in that line. This analysis results 68 hours of curtailments
of 7.5MW during working days. The resulted curtailment
would be based on the actual needs and for all hours when
congestions are forecasted.

a: FLEXIBILITY SOLUTION COST
The annual cost of the flexibility service is assessed on the
basis of the methodology explained above. CAPEX costs
are mainly sunk costs in terms of DSO and market. Annual
operating costs per fsp are considered as Prequalification
(2.5h), Registration (2.5h), Planning costs as Cost Benefit
Analysis (10h) and Definition of scenarios (10h). Annual
operating costs per activation hour are: Monitoring (1h per
activation h), Billing (1h per activation h) and Needs Calcula-
tion (1h per activation h). All costs are based on person-hours.
An automated solution would only be incorporated if it is
more efficient than a non-automated solution. The value of
hours has been based on [51], considering the salary of
an industrial engineer newly recruited plus corresponding
employment charges in Spain [52].

In this case, a market is not necessary. Finally, in terms
of Aggregation and FSP costs, operational expenses for
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FIGURE 8. Load Duration Curve in blue of a 132kV line for one year.
Calculation of the hours to be curtailed. The TC can be seen in grey in the
zoom. Source: I-DE (Spanish DSO).

monitoring and energy costs and some investments in com-
munications and data acquisition are considered (200€from
the values used in CoordiNet [4]).). Despite the volatility to
which the electricity market may be subject, a reference has
been sought and a price of the energy of 40€/MWh has been
considered as in [53].
With all this:

of 40000€
Costi = (1 +14+1+2)hx eon

+ 40€/ MWh x 7.5MW = 413.63€
40000€

1760h

Cost? = 2.5+ 2.5+ 10+ 10) h x
+200€ = 768.18€

From the UDC curve, the constants A and B are calculated:

160.17—P

Cost™ = ¢ 9531 x Cost{* + Cost’lsl’
16

0.17—P
=e 9531 X 413.63 4 768.18 = 28, 722.56€

4) COMPARISON AND SENSITIVITY ANALYSIS

The main benefit of this action is actually accelerating the
renewables integration and the transition to a more sus-
tainable generation mix. The economic impact in terms of
emissions reduction or other benefits could be addressed,
but it is out of the scope of this analysis which focuses
on the distribution system costs. Therefore, in this case the
investments costs include connection costs, even if this cost
is borne by the developer.

a: COMPARISON
Table 5 summarizes the assessment of the case 1.

The solution with flexibility is clearly cheaper, only a sig-
nificant lower reinforcement cost could reverse this situation.
Another benefit associated with this solution is the anticipa-
tion of the connection in the period when the reinforcement
is being executed. In this case, it is necessary to consider the
life span of the generation facility itself, the grid extension to
connect such a facility and the corresponding reinforcement.
The value in producing earlier in time could be significant.
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TABLE 5. Costs assessment for new flexible connections.

Alternative with a flexibility

service

Business As Usual: Reinforcement

Investment Hours  of

Years Annual cost L Annual Cost
cost activation
6,333,000€ 40 369,075.59€ 68 28,722.56€

e

Secondary substations
G=
8
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[ [ [ [
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For instance, for a 1500h/year production of SOMW, even
with curtailment, at an average price of 30€/MWh it would
mean 2.25M<€ per year.

b: SENSITIVITY ANALYSIS

If the required curtailment activation is larger, it could reach
the reinforcement value. These conditions a priori should
not change as the grid circumstances do not change. But the
solution with flexibility is almost proportionally linked to the
cost of energy, valued at 40€/MWh. With market prices in
2022, which are often several times higher, the flexible solu-
tion could be unfeasible. Market volatility would therefore
call into question short-term market solutions for long-term
needs. For this particular use case, if the energy price rises up
to 712€/MW, the break-even point is found.

On the other hand, the BAU solution is also influenced by
network needs and the distances of new lines. In this case,
halving the number of line kilometers would also lower the
cost of the BAU solution almost proportionally.

B. CASE STUDY 2: ELECTRO MOBILITY. CONGESTION ON
MV NETWORK AS A RESULT OF ELECTRIC VEHICLE
CHARGING

1) GRID DESCRIPTION AND IDENTIFICATION OF NEEDS

In this case, potential grid congestion is considered in the case
of incorporating electric vehicle charging points. The grid to
be considered is shown in Fig. 9. It represents a consolidated
urban area.

Fig. 9 shows a 20 kV feeder that departs from a primary
substation and travels through seventeen secondary substa-
tions over a distance of 10 km (compatible with a median
0.73km per MV supply point in [33]) until it reaches a switch-
ing centre where it is normally operated open on arrival.
Several 20kV feeders with similar characteristics arrive at the
switching centre.

Each secondary substations feeds several residential build-
ings, offices, shops, and commercial buildings. With an
average of 200 customers per secondary substation (com-
patible with 0.95 percentile of 209 consumers per MV/LV
substation in [33]), 90% are domestic. According to [54] and
[55], and especially to [56] for typical load profiles, the usual
peak load in Spain for this type of consumer would occur
between 18:00 and 20:00 when both businesses and homes
consume energy. If electric vehicles demand can be shifted,
it is expected that the peak demand for charging occurs at that
time.
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FIGURE 9. One-line diagram of simplified MV i-DE network
representation. Source: i-DE (Spanish DSO).

The maximum load of the feeder in the year is 6MW. The
capacity of the feeder is 12MW (240mm?2), as the operation
of the feeder is not at its nominal capacity due to the proba-
bility of failure. The load is only increased to support other
feeders that may need it due to contingencies. In this case,
an additional load of 4MW is expected.

The assumptions made in this case are related to the
increasing demand for electric vehicles charging.

2) BUSINESS AS USUAL SOLUTION
No TC was provided in this case as the power needed largely
exceeds the capacity limits. Assuming that half of the residen-
tial consumers have an electric vehicle charger and demand
an average of 3.5 kW, (that would be a single-phase charging
at 16A at LV, typical of a domestic slow charging point
and compatible with contracted peak power 5.9 kVA per LV
consumer in [33])for charging at peak times, consumption
would double. Therefore, it would be necessary to reinforce
the grid to alleviate this increase in load.

The reinforcement needs, highlighted in red in Fig. 10 are:
- Increase in transformer power at substation C (in Fig. 10).
This increase is expected to be the same in the rest of the
adjacent areas. Therefore, increasing transformer power to
20kV at one substation would alleviate the problem at several
neighbouring substations. For that reason, to make a pro-
portional distribution of the costs, a 10% of the cost of a
complete transformer substation is estimated. - New feeder
with a distance of 10km, which may not be the shortest
route considering urban constraints. - Reinforcement of the
secondary substation to connect the new feeder.

a: BAU SOLUTION COST
The costs for the reinforcement would be 1,656,700€,
obtained following three steps described below.

1. Increase in transformer power at the substation (10% of

the cost):

0.1 x 16,610€(code TI-163V in [42]) = 1,661€1Bay 20kV
x 77,657€/bay (code TI-105V in [42]) = 77,657€

2. New feeder with a distance of 10km.
10km x 155,456€/km (code TI-18UY in [42]) = 1,554,560€

3. Reinforcement of the secondary substation to connect
the new feeder.
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FIGURE 10. Single-line diagram of simplified MV i-DE network
representation including reinforcement (area in red). Source: i-DE
(Spanish DSO).

Hours

FIGURE 11. Load Duration Curve of a MV line for one year. Calculation of
the hours to be curtailed in the MV line during a year. Some extreme data
refer to anomalous network situations. Source: i-DE (Spanish DSO).

1 switching station x 22,818€/station (code TI-OCW in [42])
= 22,818€The lifetime of this investment is considered to be
40 years [43] and annualising the cost considering a WACC
of 5% gives an annual cost of 96,549.43€.

3) ALTERNATIVE SOLUTION WITH A FLEXIBILITY SERVICE
The case of electric mobility would be eligible for different
mechanisms according to [27] depending on the liquidity and
the possibility of having dynamic tariffs as it is a generalised
situation across the area. The recurrent cost of managing a
special tariff for charging electric vehicles would not be high,
as smart meters easily incorporate time discrimination. The
market-based option, when there is greater liquidity, should
provide more optimised value due to competition. Therefore,
the illiquid version with bilateral agreements can be taken as
a benchmark as an upper limit.

Considering the days when the MV network is most loaded
and the possible increase in consumption generated by the
charging points, to avoid overloading, it would be necessary
to incentivise the shift of the consumption for 300 hours
(mostly working days) of more than 3,000 recharging points.
This calculation was obtained from the load duration curve
of the medium voltage line (Fig. 11). Following the same
method as in the previous case, ordering the hours of the
year from highest load to lowest load in descending order,
the 300 hours in which a solution is necessary are obtained,
which are those which in the load duration curve are above the
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FIGURE 12. Typical load profile in Spain fitting residential consumption
(peak consumption in the evening). Source: REE (Spanish TSO).

limit. These limitations fit the peak load hours of the typical
consumption profile in Spain shown in Fig. 12.

a: FLEXIBILITY SOLUTION COST

Under the same assumptions as in the previous case study,
the operating costs related to activation hours considered are:
an operational cost of activation (0,15€ per charging point
and activation in terms of aggregation and FSP costs); and the
operating costs related to the number of fsp are: Registration
(0,25h per charging point), planning costs considered as Cost
Benefit Analysis (10h) and Definition of scenarios (10h). All
costs are based on person-hours. And operational expenses
for managing schedules (1€ per charger and year); and some
investments in communications (100€) and data acquisition
(10€ per charger and year) are considered. All these values
are based on the experience of the pilots conducted by i-DE
(Spanish DSO) CoordiNet [4] and OneNet [6].

The obtained costs are:

Cost3® = 3000 x 0.05 = 150€
40000€

Costh? = 3000 x (0.25h x ———
1760h

+ le + 10€) + 100€

= 50, 145€
From the UDC curve, the constants A and B are calculated:
Cost"™™ = ¢ ((160.17 — P)/(9.534)) x Cost’" + Cost""
3531 % 150C 50145 = 96, 595€

17—P
— e 9534

4) COMPARISON AND SENSITIVITY ANALYSIS
The variation of the level of congestion over the years and
compare it with the lifetime of the asset provide a more robust
results in this case. However, the annualised value of the
investment and the scenario with 3000 charging points are
used to simplify the calculation.

a: COMPARISON
The assessment of the case is shown in Table 6.

In this case, both solutions’ costs are tight. The largest
driver of the aggregation cost is the activation cost trans-
ferred to the end-customer as an incentive. However, the price
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TABLE 6. Costs assessment for Congestions in MV network due to
electric vehicle charging.

Business As Usual: Reinforcement Alternative ~ with a

flexibility service from EV

charging
Investment | Years Annual cost Hours of | Annual Cost
cost activation
1,656,700€ 40 96,549.43€ 310 96,595€

received by each of the users of the 3000 charging points
amounts to 15€ per year, which is not a very attractive figure
for the effort required by the customer for a whole year. If the
time of activation also increases, it makes the flexible solution
costlier.

b: SENSITIVITY ANALYSIS
In this case, the cost of the BAU solution is influenced by
the distances of the new lines. Again, half the number of line
kilometres would lower the BAU cost almost proportionally.
The case study is almost at the break-even point itself.
In addition to the factors that influence the cost of reinforce-
ment, such as the distance to existing assets, the unit cost of
reinforcements or the capacity of the current network, other
parameters influence these needs. For example, the hours of
activations or resources involved in congestion management.
However, the cost per activation, even if doubled or tripled,
would still be of little incentive value to the end user. Not
even with significant economies of scale bringing the cost
down would make the flexible option competitive enough
to provide value to the end consumers. In the case studied,
eliminating the aggregator’s operating costs, the maximum
price to be delivered to the customer would be 0.26€, which
appears to be insufficient.

C. CASE STUDY 3: RELIABILITY. MAINTENANCE OF A
HIGH-VOLTAGE LINE USING DG FLEXIBILITY
1) GRID DESCRIPTION AND IDENTIFICATION OF THE
NETWORK NEED
As discussed above, the maintenance of a HV line is a
traditional driver, but the case could be also representative
of resiliency considerations. Besides, this case study shows
that flexibility may also support in case of conventional
needs/drivers. Fig. 13. shows the diagram explaining the case
study. That is a request for work on a 132kV double circuit for
three hours. According to [57], the average duration of pro-
grammed outages would be around one hour, but it includes
many shorter MV works. A 132kV work has more demanding
security requirements that require more time, so the three
hours requested for this case are considered representative.
Two 132kV lines running in a double circuit, sharing poles,
must be interrupted for some time due to scheduled mainte-
nance works. These two lines feed a transformer substation
located in area E in Fig. 13, which in turn feeds several MV
feeders and a 66kV line. The only alternative to maintain
the service to the MV and LV customers affected by the
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maintenance works is through the supply from the 66kV line,
which also feeds the 20kV bus, but the total power required
is 60MW and the 66kV line does not support that load.
Moreover, the line capacity cannot be dedicated exclusively
to this need, as it feeds other substations. As shown Fig. 13,
a generator is connected to one of 132kV lines and is capable
of supplying SOMW, fully relieving the needs of area E.

2) BUSINESS AS USUAL SOLUTION

In this case, following the methodology in section B, the
TC will not be considered. It is the cost of the remedial
actions that must be assessed. As shown in Fig. 14, when
the two 132kV lines to the E substation are interrupted, the
entire 132kV grid in the area is de-energised. Under normal
network operation, it is not possible for the DSO to maintain
an island on the 132kV network and manage the balancing,
even locally. It is therefore necessary to limit the power in
area E to meet the capacity of the 66kV network resulting in
30MW demand to be curtailed.

Regarding the BAU solution for short-term needs. No rein-
forcement is considered. The TC could be adapted depending
on the emergency. But in this case study, excess power is too
much to bear even for a short time. Therefore, it is necessary
to consider remedial actions costs.

The result, in this case, is the interruption of a large part
of the 60MW consumption at substation E, which cannot be
fed from the 66kV line. Note that, in this case, since the
DSO is addressing an operational need, grid reinforcements
are not considered (at least in the short-term). Hence, the
costs associated are purely operating costs. Small generators
connected in LV grids may be a solution for smaller power
requirements to supply some specific loads, but the number
of units required may be significant.

a: BAU SOLUTION COST
As mentioned above, the assumption is that works occur
during the daytime.

- The total cost of the load shedding, in terms of VoLL is
711,000€: 3h x 30MW x 7,900€/MWh = 711,000€

3) ALTERNATIVE SOLUTION WITH A FLEXIBILITY SERVICE
Enabling the generator to maintain the network island
operation at 132kV and managing the appropriate quality
parameters including voltages within ranges, and the area
may not face any supply interruption. The generator must be
committed to maintain power for the duration of the work.
Given that this is a Combined Heat and Power (CHP) unit
expected to be generating during the maintenance work, there
is no additional costs of providing such as service. On the
contrary, it is an opportunity to generate which was not
possible under BAU conditions.

The case of the maintenance works can only be managed
with short-term mechanisms, which are related to markets
when there is liquidity or to bilateral contracts when there is
not enough liquidity in the market, following the framework
presented in [27]. As for the costs of a maintenance operation
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FIGURE 13. Single-line diagram of a grid for maintenance of a
high-voltage line of i-DE network. Source: i-DE (Spanish DSO).
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FIGURE 14. Single-line diagram during works in BAU situation. Source:
i-DE (Spanish DSO).
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FIGURE 15. Single-line diagram during works with flexibility solution DSO
acting as system operator. Source: i-DE (Spanish DSO).

as proposed, the recurrent cost of making a short-term market
available would again depend on the liquidity of the market,
leaving room for bilateral agreements in the absence of lig-
uidity.

The cost of energy injection is assumed to be zero. If the
network is missing, the production process does not stop
as the thermal process keeps working and self-generating
in island mode. As it is CHP unit, the thermal demand is
assumed not flexible, therefore, the generation has to be avail-
able as far as the thermal process works. If thermal process
were flexible, the CHP would request remuneration to keep
supporting the grid and, therefore, the DSO would have to
pay for the service availability to maintain grid reliability.

The presented need is occasional, and it is difficult to
estimate future needs. However, given that the review periods
of the installations are triennial [58], it is expected to have the
same need at least once every three years.

a: FLEXIBILITY SOLUTION COST

In this case, activations do not depend on a UDC curve
but on a specific need. To calculate the cost in this case
the components considered are: Monitoring (hours of activa-
tion +0,5), Prequalification (2h/fsp), Cost Benefit Analysis
(10h/fsp), Registration (2h/fsp), Billing (1,5h/fsp) and Needs
Calculation (1h/fsp). It is not necessary to consider Planning
costs as they are short-term needs nor market costs, as this

VOLUME 11, 2023

TABLE 7. Costs assessment for maintenance works.

Business As Usual: outage Alternative ~ with  a

flexibility service

Energy VoLL Intervention | Hours of | Annual
cost activation | Cost
90 MWh | 7,9006/MWh 711,000€ 3 443.18€

need can only be solved by one FSP. With equation (14):
Cost'gex = (3h><Cost‘,-4“ ) + (Costfsl’ )

40000€
=3h X ——
1760h

40000€

241042415+ h x ———
+((+ +2+1.5+1) X 7e0n

) = 443€

4) COMPARISON AND SENSITIVITY ANALYSIS

Numerous alternatives through the MV network can surely
help in case of an outage, in addition to the power that the
66kV network involved can provide. In this case, the network
is sufficiently interconnected so that it is considered that only
half of the 60MW load is going to suffer an actual outage. The
maintenance works could be expected to last 3 hours. This
duration should have considered other efficient solutions such
as shifting the work schedule to night-time to minimize the
impact on end-users, but this is not always possible because
of the labour legislation (e.g., European Directive [59]).

a: COMPARISON
Only the cost of the flexibility mechanism is considered. The
assessment of the case is shown in Table 7.

In the short term the difference is obvious, but many
sunk costs have been considered in this case. Uncertainty in
short-term needs makes it difficult to generate costly invest-
ments at the local level. The sunk costs of operation, planning
and market needs are for the system and not for the specific
local situation. But the monitoring or resource management
costs of the aggregator or FSP can only be considered as sunk
costs if they are necessary for the regular operation of the
network.

b: SENSITIVITY ANALYSIS

The difference costs above shows the amount the DSO could
devote to the sunk costs. If the sunk cost figures do not break
down individually, they should be calculated collectively con-
sidering that situations like this occur on the network on a
daily basis.

On the other hand, there are also the sunk costs of the
aggregator or FSP. If the interface with the market and the
exchange of data is simple and cheap, and the operational
costs of activation are not very significant, liquidity in these
short-term markets would also improve.

Sunk costs aside, the cost of non-delivered energy or the
value of lost load (VoLL) is always high. Therefore, consid-
ering the actual cost of the flexible option that requires only
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FIGURE 16. LV grid in the area of a single-family house. Each colour
represents a different feeder. Source: i-DE (Spanish DSO).

a few DSO operator hours, there is no further analysis to be
made. It seems the benefits from the flexibility service are
enough to support this use case. Other variables such as the
cost of energy are not significant. The big change is to enable
the DSO to manage DG to avoid an outage.

D. CASE STUDY 4: MASSIVE DG CONNECTION LV.
CONGESTION ON LV NETWORK AS A RESULT OF NEW
ROOFTOP PV GENERATION

This case addresses the impact that the massive implemen-
tation of solar generation in the LV network of an area of
single-family houses. Practically all of the consumption in the
presented area is from single-family households with rooftop
solar generation. The distribution network is dimensioned to
evacuate the power that households have contracted, affected
by a simultaneity factor which is not suitable for photovoltaic
(PV) units. Therefore, the installation of PV generators could
exceed the limits of the feeders or the substations and would
require new reinforcements in the network. Generation is
not expected to exceed the power of the individual evacu-
ation line, which corresponds to the contracted power (i.e.
purchased by the consumer) and is not affected by any simul-
taneity factor. The maximum consumption and maximum
generation happen at different times of the day.

1) GRID DESCRIPTION AND IDENTIFICATION OF THE
NETWORK NEED

In the considered network, selected choosing homogeneity in
the load behavior and network design, there are 10 secondary
substations in total with a very similar load profile, which
have an average of 100 customers each. An aggregated load
curve is used. The power of these substations is 400kVA
and each of them has 6 LV feeders. Feeder length varies
between 200m and 800m. It is assumed that each feeder
admits a power of 200kW (150mm?2 Al 400/220V) and that
the average contracted power? is SkW.

Half of the households have solar panels installed and are
generating at full capacity at a time of low consumption,
fitting typical load profiles D and F from [56]. Therefore,
there would be a simultaneous generation of S00kW at the
secondary substation and would exceed the nominal 400k VA,

2Contracted power: maximum power limitation to each customer accord-
ing to contracting terms.
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that according to the expected power factor of the PV units
could be assimilated to an active power of 400kW. Any
variation may be considered an admissible overload due to
the small duration or amplitude. In this case, the LV feeders
would not suffer capacity saturation with half of the house-
holds with PV units.

The assumptions in this case are related to the PV plants,
but the grid considered is realistic.

2) BUSINESS AS USUAL SOLUTION

As in previous cases, no TC was provided in this case, as the
power needed largely exceeds the capacity limits. Neverthe-
less, as admitted by the distribution company of the area and
supported by [29], short-lasting overloads are admitted, and
it covers any variation produced by the assumed unity power
factor hypothesis mentioned above. The reinforcement needs,
in this case, would be as follows. Power upgrade in a trans-
former at all 10 secondary substations. No reinforcements
would be necessary at higher voltage levels as the minimum
demand curve is higher. Some secondary substations would
not need upgrades and others would not be possible because
they will be too large. Again, for the sake of simplicity, all
upgrades are considered to be done evenly throughout the
grid.

The same effect is expected in the rest of the adjacent areas,
therefore reinforcements in the transformation capacity in the
primary substation are needed in the same proportion. Given
that a transformer in an urban area is designed to feed several
different feeders, for the power calculated, 10% of the cost
of a complete transformer is estimated. Even transformers
are non-divisible, they are highly interconnected in urban
networks, so it is assumed that 10% of the transformers need
upgrading.

a: BAU SOLUTION COST
The Spanish catalogue [43] used does not include the option
of upgrading the transformer. To arrive at a good approxi-
mation in the calculation, the cost of replacing a 630kVA
transformer will be obtained by subtracting the cost of
installing a (15kVA) substation, that is basically the room
building, from the cost of installing a 630k VA substation, that
is the room building and the transformer. This removes the
costs of the substation, leaving the costs related to the power
of the machine. The residual value of the decommissioned
machine is not considered, but the decommissioning itself has
a cost. Then, the power-related cost of installing a 630kVA
transformer is then obtained.

- Power upgrade in the transformers at all 10 secondary
substations: 141,090€, including:

e Cost of the secondary substation with 1 x 15kVA
machine (code TI-22W in [42]): 23,947€.

e Cost of the secondary substation with 1 630kVA
machine (code TI-39W in [42]): 38,056€.

o The estimated cost of installing the 630k VA machine in
an existing structure: 14,109€.
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The lifetime of this investment is 40 years [43] and annu-
alising the cost with a WACC of 5% gives an annual cost of
8,222.47€.

3) ALTERNATIVE SOLUTION WITH A FLEXIBILITY SERVICE
Again, following the framework in [27], the case of LV
congestions for solar generation is not very different from the
case of MV in terms of the costs of the flexibility mechanism.
The market liquidity or the generalisation factor for consid-
ering dynamic tariffs are also relevant here. The difference is
that in this case the sum of consumption and generation must
be considered for the demand forecast.

Solar generation reaches the maximum power dur-
ing the central hours of the day, with an estimated 80% of the
transformers’ evacuation capacity being exceeded during the
four central hours. This overload situation does not occur on
non-working days because domestic consumption increases
during these central hours. They would fit typical load pro-
files D and F from [56] corresponding to the Spanish case
shown in Fig. 12. So, the need is to reduce power by 20%
(100kW) for 4 hours per day on 200 days a year.

a: FLEXIBILITY SOLUTION COST

The annual operating costs considered are related to regis-
tration (0,25h per PV unit), cost benefit analysis (10h) and
definition of scenarios (10h), also investments in communi-
cations (100€) and data acquisition (10€ per household and
year) are considered. Regarding the activation costs, it will
depend on the opportunity cost for the generation. A price of
0.0275€/kWh was considered for solar PV as in [53]. With
all this:

Cost4® = 0.0275€/kWh x 1000kW x 200 x 4h

—275€

40000€
Cost™? = (500 x 0.25 + 200 h x ————
%%4 (( X 0.25 4200 x 1760h)

+ 500 x 10 + 100 = 8§, 395.45€

From the UDC curve, the constants A and B are calculated:

865.11—P 865.11—P
Costzex —e 9737 X Costi“ + Costfip — e 9.737

x27.5 + 8395.45 = 30, 445.07€

4) COMPARISON AND SENSITIVITY ANALYSIS

In this case, a residential area of 1,000 customers fed by
10 secondary substations is considered. The existence of a
well-dimensioned network is also assumed. Obviously, the
casuistry is enormous and although it cannot be extrapolated
to all situations, the results provide an order of magnitude of
the costs.

a: COMPARISON
The assessment of the case is shown in Table 8.

Similar to case 2, the flexible solution can be considered
cheaper when the time of activation is small, and not for a
sustained situation where activations have a daily occurrence.
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TABLE 8. Costs assessment for congestions in LV.

Business As Usual: Reinforcement | Alternative with a flexibility

service

Investment Years | Annual cost Hours of Annual Cost
cost activation
141,090€ 40 8,222.47€ 800 30,445.07€
TABLE 9. Cost results for the different case studies.
Is there an
Annual cos{| .
. evident benefit
Annual cost with a
Case study . of the
BAU flexibility o
. flexibility
service .
service?
1.New flexible
. 369,075.59€ | 28.722,56€ Yes
connection
2.Congestion on
96,549.43€ 96,595€ No
MYV network
3. Maintenance
711,000€ 443,18€ Yes
works
4.Congestion on LV,
8,222.47€ 30,445.07€ No
network

This suggests that the solution would be useful for postponing
investments rather than replacing them.

b: SENSITIVITY ANALYSIS

Here again, the activation costs are important. Smart meters
could play a role in limiting these costs, as well as the
inverter software applications of the PV panels themselves.
The energy cost and the hours of activations are also relevant.
In the BAU case, it is not so much the distances that matter
but the grid design capacity itself. A multi-year plan is likely
to be necessary to cater for the necessary upgrade for all these
power increases and to coexist with flexible solutions as long
as the time of activation is small.

The price of 0.0275€/kWh considered for solar PV gener-
ation in [53] could vary and affect the result. But even if it was
reduced to a third, the overall conclusions would not change.

In the long-term, the alternative with a flexibility service
does not seem economically viable. As the break-even point
is reached with an energy price close to zero. So, it seems
that it may be an option just to delay investment, as long as
the time of activation is small.

E. DISCUSSION: COSTS COMPARISON: OF BAU VS FLEX
SOLUTIONS

A summary of the costs of flexibility and business as usual
solutions are shown in Table 9.

The results show that flexibility mechanisms can be par-
ticularly attractive solutions for new flexible connections
(case 1) and to ensure grid security during planned main-
tenance works (case 3). Moreover, flexible solutions can
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FIGURE 17. Net value (Flexibility - BAU) variation with the energy price.
Source: own elaboration.

be useful while the reinforcement is being built as it may
temporarily be the only solution (cases 2 and 4). The
competitiveness of the flexibility-based solution mainly in
case 1 depend on the time of activation. This means that, in the
case of few activations, there is a lot of margin compared to
the traditional solution.

Fig. 17 shows the net value of flexibility (benefits minus
costs) and its variation with respect to the energy price.

It follows that the break-even point of case 1 is reached
with a high value, which makes it cost-effective, and that of
case 4 with a value close to zero, which makes flexibility
hardly viable in this case. This is consistent with the previous
conclusions. Cases 2 and 3 being insensitive to the price of
energy.

Regarding the variation with respect to the hours of acti-
vations, the conclusions are different. Fig. 18 represents this
sensitivity. Case 1 turns out to be quite sensitive with respect
to the hours of activations, finding a break-even point close to
210 hours. Which is also logical, because flexible connections
are designed for cases in which the peak of need is reached
in a few hours a year.

For the rest of the cases, a greater insensitivity is observed,
although a number of hours greater than 80 hours also makes
cases 2 and 4 unfeasible. Case 3 is uniform by increasing the
number of hours, but it is a different case, since what is valued
in this case is the duration of the scheduled outage and it is
compared to interrupted supply. It is unreasonable to consider
hundreds of hours in this case.

Finally, it is necessary to observe the variation with respect
to the labour cost of the DSO in hours showed in Fig. 19.
This will depend on the efficiency of the process and the
digitalization and observability of the network, which will
allow the process to be automated and less costly without
losing reliability. In this case, the conclusions are similar to
those of the variation with the hours of activations. While it is
true that this cost is not likely to grow with the maturity of the
solution, but to decrease. Therefore, if the operational labour
cost decreases as expected cases 1, 2 and 3 will continue to be
clearly viable. The viability for case 4 will depend on other
variables such as the energy price.
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FIGURE 18. Net value (Flexibility - BAU) variation of the flexibility cost
with the hours of activations. Source: own elaboration.
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FIGURE 19. Net value (Flexibility - BAU) variation of the flexibility cost
with the operational cost of the DSO. Source own elaboration.

It is also important to consider reinforcement costs (BAU
cost) for new flexible connections as well as for congestion
management. In the case of flexible connections the margin is
very wide due to the low cost of activation. But in the case of
congestion, the BAU solution must be very expensive to for
the flexible solution to break-even. This variable will move
up or down the curves in figures Fig.17, Fig. 18, and Fig. 19.

Throughout the study, the importance of taking into
account all types of costs and not neglecting any that
may be relevant to the viability of the solution is
demonstrated.

There are also sunk costs that need to be considered when
studying the whole solution, but not to assess a specific flex-
ibility application within a limited network area. For an FSP,
the uncertainty of how many times a service will be required
is also a barrier to investment. The cost of this uncertainty is
not handled in the presented studies. The necessary informa-
tion exchange and the transparency of the agents involved can
alleviate this uncertainty. The grid congestion maps published
by DSOs in Europe are an example of this (e.g. [60], [61])

Based on the flexibility services considered, it can be
concluded that flexibility services are highly case-dependent
and do not always outperform the traditional alternatives.
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Flexible connections (i.e., agreements that give the DSO
the right to limit power injections or withdrawals during a
specified time) are a paradigm shift for the DSO and accel-
erate the energy transition by allowing faster and cheaper
connections. For example, for avoiding N-1 reinforcements
that are sporadically used. Flexibility services and the pos-
sibility for the DSO to use DG to supply local demand in
case of network failures or maintenance in cases where the
grid has a weak connection with the rest of the grid are
tremendously useful. Both solutions have an obvious benefit,
as the alternative is to wait until reinforcements are made.

In the case of seeking to avoid grid reinforcement, the
benefit is not so obvious, and it would be necessary to
create a context in which the motivation of grid users and
the reliability of service delivery compensate for the reli-
ability and security benefits of grid reinforcement. For the
case of congestion caused by PV generation, there is very
little room to compensate for the operational costs of the
flexible solution or the customer incentive. Only for zero
energy prices scenario it could be a competitive solution.
MYV grid reinforcements can also be very competitive in
urban environments and difficult to be replaced by flexibility
services. Subsequently, further studies would be necessary to
determine whether flexibility can compensate for the effect
of the new drivers for grid reinforcements or whether BAU
solutions still prevail as the most efficient solution.

V. CONCLUSION

This paper proposes a general method to evaluate the cost of
flexibility for any type of need and that can be applied to any
case study.

One of the main findings is that the value of flexibility
depends on the type of need and associated characteristics
such as the number of activations, the price of energy or the
cost to the DSO. Therefore it is necessary to address a wide
range of parameters before taken a decision.

The difficulties to obtain real data to estimate costs and
the difficulties to obtain reliable data, not only for the access
to the information but also for the immaturity of the process
regarding to flexibility solutions for DSOs are the limitations
of this research.

This paper performs a necessary comprehensive analysis
of the real costs of flexible solutions to compare them with
traditional solutions and avoid neglecting decisive param-
eters that may determine the effectiveness of the flexible
solution against business-as-usual solutions not considered
in previous papers. A descriptive methodology to evaluate
flexibility costs is proposed to make an exhaustive description
of the flexibility costs, both OPEX and CAPEX of each of
the stakeholders involved, providing formulas that simplify
their study and a method of comparison depending on the
needs’ type. Then, an analysis of four representative and
realistic case studies in Spain, accurately selected starting
from representative drivers, is conducted to compare business
as usual solutions with flexibility alternatives. One case refers
to a flexible connection of new distributed generation, the
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second considers congestion management in an urban MV
feeder managing EV charge demand, the third case relates to
programmed outages due to maintenance works, and the last
one considers to congestion management in LV grids manag-
ing PV generation. Various network situations are selected,
at different voltage levels; with diverse resources, with dif-
ferent types of generation and demand; and related to the new
drivers, distributed generation, new flexible connections, and
electric vehicle charging points. BAU solutions are proposed
and compared with the corresponding flexible solution. Then,
the value that flexibility can bring to the future challenges
facing the distribution networks are assessed. Concluding that
flexibility services are highly case-dependent and they do not
always outperform the traditional alternatives.

Following the analysis carried out, certain parameters can
vary greatly and induce a sensitivity analysis, such as the
hours of activations of a flexibility solution, the implemen-
tation and operating costs for the DSO, the value of load lost
or the remedial actions, the cost of reinforcements, or the
cost of energy whose magnitudes determine the true value
of flexibility. The values taken in this paper try to be realistic
and reflect situations that are as real as possible considering
the expected penetration of distributed energy resources.

Overall, it can be concluded that the paradigm shift of
flexibility services may be especially useful from an opera-
tional perspective, as it allows more optimal extraction of the
potential of the network in the short term. And it is also useful
to accelerate the integration of distributed renewable genera-
tion by allowing flexible connections. For the long-term use
of flexibility, it is necessary to thoroughly assess each need
to establish whether flexibility services can compete with
BAU solutions considering their reliability, duration and the
number of customers involved. But given that the needs of the
network are progressing over time, flexible tools are valid to
postpone investments for a few years as long as the number
of hours of activations required is limited.

A wider range of use cases studied considering all costs
faced by the different flexibility providers with the same
methodology would definitely help to take informed deci-
sions. Alternative methods to assess flexibility potential could
provide more accurate estimated costs when the quantity and
quality of data provided is enough.
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Real casestudies

The Transmission System Operators (TSO) and Distribution System Operators (DSO) coordination literature deals
with different coordination schemes or coordination methodologies. However, consumer actions or regular DSO
operations continuously affect the system balance operation, and no major coordination is required as these
actions individually have negligible impacts on the overall system. The literature has not previously analysed
where the limit beyond which coordination is necessary. This question requires an analysis of the DSO operations
where the need for coordination is foreseen and a case-by-case study of what type of impacts are created by the
activation of the DSO flexibility resources on the responsibilities of the TSO. Such analysis helps to define
thresholds and scenarios considering existing changes in distribution networks, which can be a reference for
delimitating costly coordination procedures. This paper presents a revision of all the possible scenarios of the
DSO operation needs and their impacts on TSO responsibilities considering the possible TSO/DSO borders at
different voltage levels. Afterward, a methodology is proposed to analyse more deeply the impact of flexibility
activation with an expected significant load increase. Representative case studies evaluate the possible impacts
on TSO responsibilities of local flexibility activation. This paper concludes that the impact of local flexibility is
expected to be significant when large power changes are managed in the short term, estimated in more than
50 MW if the DSO operates in 132 kV or more than 15 MW if the DSO operates up to 66 kV. At LV or MV level,
minor coordination would be needed.

1. Introduction balance of the system with dispersed generation sources, reduced system

inertia, and their ability to perform an efficient balancing of the overall

Decarbonisation and energy sources decentralization have increased
the focus on the use of flexibility tools in distribution networks. In
Europe, EU regulation even requires regulators to incentivise distribu-
tion network flexibility [1]. This new paradigm makes it necessary to
review the roles of the different actors, including the Distribution Sys-
tem Operators (DSO) and the Transmission System Operator (TSO). As
concluded in [2], interoperability between TSO-DSO-DER actors must
be redefined and adapted. Also in [3], it was concluded that coordina-
tion between DSOs and TSOs would become increasingly salient as more
and more distributed resources interconnect to the grid and provide
system services.

The DSO must manage demand and generation locally to solve
network constraints and ensure a secure grid operation. In [4], local
markets are identified as the most efficient option when comparing
coordination schemes. The TSO faces the challenges of maintaining the
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system [5].

TSO-DSO coordination is described as paramount since the DSOs
have access to flexibility services [6], [7], that when used for DSO and
TSO they are also called systems operators services [8]. Several types of
coordination models or coordination schemes are studied, [9] and [10]
present five coordination schemes to enhance interaction between sys-
tem operators. The choice of the most suitable coordination scheme
depends on several factors, namely, the type of flexibility service, the
current state of the grid, the share of RES installed, the existing market
design and the evolution of roles and responsibilities of system opera-
tors. The increased interaction between SOs will impact business pro-
cesses, information exchanges, communication channels and ICT
infrastructure. Making the necessary changes in those areas requires a
paradigm shift in system operation.

Higher accuracy in the TSO-DSO information exchange process can
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be achieved, [11] proposes a methodology based on the solution of a set
of optimization problems that estimate the flexibility ranges at the dis-
tribution and transmission system operators (TSO-DSO) border nodes,
suggesting that it is possible to identify a larger flexibility area even to
provide services to the TSO.

Within these coordination models, the access to information and
validations, or decision-making processes are arranged differently. Co-
ordination can be understood as 1) an exchange of information or
technical requirements to operate safely [12], which in this paper, we
refer to as minor coordination; or 2) a mechanism by which re-
sponsibility and decision-making in operation are shared, as major co-
ordination. Providing information, as long as it does not require waiting
for a response through validation processes, does not create major
challenges or excessive costs. [13] defines cooperation as a harmonized
calculation methodology and a common grid model with shared sce-
narios and input data for the calculations, what means shared
decision-making and therefore, major coordination. Even a single iter-
ation, as proposed in [14] when proposing hierarchical coordination
based on the bids of DERs with very close results compared with the
results of centralized dispatch, shared operational decisions are
considered major coordination due to the developments required to
establish such systems.

The research question in this paper is about when major coordination
is necessary, at which TSO/DSO voltage levels, and for which TSO ser-
vices, and if necessary what is the minimum size of the operations that
need coordination. This paper addresses this question because of the
barriers, costs, and operational challenges coordination may create.
Minor coordination is not questioned, as data exchange is not expected
to be a barrier or a significant cost for activating local flexibility.

[15] shows the potential aspects of information exchange for TSO
and DSO in different coordination schemes concluding that the common
scheme leads to the overall least cost of flexibility procurement,
corroborating with previous research. However, this research and others
lack the barriers and costs of sharing or subordinating operational de-
cisions for DSOs or TSOs. Also, the regulatory and economic environ-
ment greatly conditions the decision-making in the companies that
assume the role of TSO and DSO, and it is extremely difficult for oper-
ational decisions that have economic repercussions to be shared.
Regarding the use of local flexibility in which the DSO only procures
flexibility to reduce the power flow in certain grids’ elements arise
concerns about the need for the TSO to re-balance the system, which
might not be significant.

[16] also advocates for a more efficient dispatch from the TSO-DSO
coordinated procurement over independent sequential procurements. At
least, the inclusion of retailers in the joint dispatch is less attractive due
to the lack of improvement in social welfare and the undesirable impacts
on the DSO.

A literature review referring to TSO DSO coordination was carried
out to verify how they have addressed potential limitations regarding
the needs of the DSO and its impact on the management of the TSO. Most
papers aim to compare several types of coordination and their needs or
benefits. [9] analyses three core TSO-DSO coordination models,
reviewing validation and dispatch responsibilities, and discusses solu-
tion techniques for coordination, acknowledging the coordination’s
complexity and cost. [17] uses linear approximations of the underlying
network to solve optimization problems, and proposes a decentralised
TSO-DSO scheme that reaches a near-least cost solution by respecting
the privacy concerns of TSOs and DSOs. The cost of coordination is a
recurring topic in the literature. When evaluating a coordination scheme
in which the TSO and DSO markets are separated, [18] emphasizes the
constraints boundaries represent, indicating that its flexibility could
provide efficiency. [19], also evaluates different coordination schemes
and highlights the importance of computational and administrative
challenges in coordination in finding the optimal solution. However, the
limits are not determined or studied in any case, which is the gap that
this paper aims to fulfil.

Sustainable Energy, Grids and Networks 39 (2024) 101482

This paper aims to determine the limits of the necessary major co-
ordination, which is not straightforward because of the variety of
available flexibility tools, circumstances in which flexibility can be
useful and the responsibilities that TSOs and DSOs have in each country.
The need for cooperation and solutions will depend on where structural
congestion will occur and which borders will be managed [13]. This
objective is relevant because implementing unnecessary coordination
would bring extra costs to the systems. There could also be unnecessary
barriers for the Flexibility Service Providers (FSPs) that need, for
instance, to adapt to the TSOS services’ requirements which are more
complex and demanding instead of fulfilling only relaxed requirements
to provide services to the DSO.

The paper is organized as follows: Section 2 addresses the method-
ology to identify TSO-DSO coordination needs and the impacts of local
flexibility activation on the system and the transmission grids, it ana-
lyses the possible scenarios in which TSO-DSO major coordination may
be needed depending on the voltage levels where DSO local needs occur.
Section 3 presents three real case studies with a significant piece of the
Spanish network, but selecting different voltage representative border
levels between TSO and DSO for potential critical scenarios that may
require coordination mechanisms in other contexts. Finally, in Section 4,
some conclusions are drawn, and recommendations are provided to
remove barriers that may hinder the creation and development of local
flexibility mechanisms.

2. Methodology to identify TSO-DSO coordination needs

Fig. 1 shows the process followed by the proposed methodology and
helps to understand the steps detailed in this section.

In the first step, the necessary information is obtained to properly
classify the type of need depending on coordination requirements. Af-
terward, the input data is evaluated by screening the potential impact to
assess whether a relevant impact is possible. After selecting the scenarios
of relevant impact, a comparison is carried out to distinguish whether
that need requires minor or major coordination. Each of the steps pre-
sented in Fig. 1 are presented below.

2.1. Characterization of the DSO need

2.1.1. Step 1: DSO flexibility needs

Flexibility services are based on a need for DSOs. This need must be
associated with specific requirements of a flexibility product (e.g. [20]),
the request to increase or decrease active or reactive power for a certain
time is considered in this paper. Therefore, the methodology’s first step
is to identify a specific need. Then, the main inputs for this step are: kW /
kvar, upward / downward, location and duration.

The location is an aspect that could be further studied, asin [21], that
proposes a methodology capable of finding the relevant flexibility area
while considering the technical grid constraints. But for this research,
the location refers to the location of the limiting element that generates
the need.

It is relevant to have a reference for the size of the power flows
managed at each voltage level. A three-phase LV line in Europe is
typically in the load range of several tens or hundreds of kW depending
on the ampacity of the cable [22]. In the case of the MV network, they
can be up to 7 or 10 MW following the same reasoning. As a benchmark,
the MV feeder type averages 10.5 MW capacity considering the total
power installed in secondary substations in each feeder [23].

2.1.2. Step 2: timeframe of the DSO need
The second step is the procurement timeframe selection. For that, the
type of need must be assigned to one of the cases referred to in Table 1.
The needs require quite different operational treatments depending
on the timeframe. Long-term markets could become more important for
the cooperation between DSOs as well as between DSOs and microgrids
[13]. For [24]. It is crucial to properly consider uncertainties (for

122



F.-D. Martin-Utrilla et al.

Sustainable Energy, Grids and Networks 39 (2024) 101482

4. \Voltage
level of
TSO/DSO
boundaries

5. Coordination
case selection
and TSO
services involved

A4

3. Type of
Network

6.
Relevant
impact
possible?

9. TSO/DSO
Major Coordination
needed

Yes

7. Comparison of
local flexibility
activation with

regular DSO

operation at

different load
levels

8. Relevant
impact potential
confirmed?

S—p|

10. Minor
coordination:

1. Flexibility Need
of a DSO connected
to TSO grid

Characterization of the
DSO Need

Coordination screening
and potential impacts

Only data
exchange (minor
impact)

Major Coordination
confirmation

Comparison with
ordinary operations

Fig. 1. Methodology followed to study the impact on TSO responsibilities of regular operations in the DSO networks.

Table 1
Procurement Timeframes.

Procurement Potential usage

timeframe

Long-term Needs that normally compete with reinforcement or
[from years to investment in the network, or with structural decisions. Grid
months] constraints are predicted in long-term periods.

Weeks to day-ahead Operational needs that can be predicted in advance,

procurement normally referring to temporary unavailability due to
maintenance work. Unusual network conditions are
foreseen at this time.
Intraday Operational needs that cannot be predicted in advance.
procurement / Flexibility procured in real-time or close to real-time is
Real-time useful to maintain system security.

instance, associated with forecasts) over different time scales to have the
possibility of planning operations and controlling their feasibility and
performance through the rolling operations phase.

As a complement to network planning, long-term flexibility markets
are expected to address part of the long-term network needs for TSO-
DSO networks (i.e. avoid or defer network investments). The scope of
this paper is limited to the activation of flexibility from the point of view
of network operation and not from the point of view of network
planning.

2.1.3. Step 3: type of network where the DSO need is located

The needs of DSOs at each voltage level are very different in terms of
the amount of power, and consequently, in terms of impact on TSOS
responsibilities. Considering IEC standard voltages [25], a division in LV
(<1 kV), MV(~>1 kV and ~<36 kV) and HV(~>36 kV and ~<220 kV)
could be valid considering the different operation strategies, design
criteria or network needs. HV networks are generally operated in a
meshed mode, and LV and MV assets are operated radially. But MV as-
sets have adjacent feeders that help in case of outages, especially in
urban networks. The way of managing voltage control differs depending
on the voltage level. While in LV and MV voltage control mainly requires
active power management because of the high R/X ratio [26], at HV are
generally managed through reactive power flows.

2.1.4. Step 4: voltage level of TSO/DSO borders

According to [13], the calculation and the allocation of the available
capacity on the border will be challenged, and methodologies will need
to be developed to increase the transparency of the approaches followed
by the system operators. This will require increased cooperation and
coordination between TSOs and DSOs, as well as between inter-
connected DSOs.

In each country, the limits of responsibility of TSOs and DSOs are
different. To establish a methodology useful for any circumstance, it is
necessary to consider the different types of borders. In this sense, as
shown in Fig. 2, three different levels are considered according to the
following description:

e Medium Voltage (MV) border level: The distribution company is
responsible for LV and MV levels. (e.g. Italy, Belgium, Cyprus,
Estonia, France, Latvia, or Lithuania) [27]

High voltage (HV) border level: The distribution company is
responsible for LV, MV and some HV levels under 110 kV. (e.g.
Belgium, Denmark, Luxembourg, Netherlands, or Portugal)
Extra-high voltage (EHV) border level: The distribution company is
responsible for LV, MV and HV levels under 220 kV. (e.g. Austria,
Bulgaria, Czech Republic, Germany, Spain, Finland, Greece,
Hungary, Ireland, Poland, Romania, Sweden, Slovakia, Slovenia,
United Kingdom, or Norway)

In this simplification, only the lines are considered, not the trans-
formers. Knowing that when the operator of the highest voltage level
also operates the transformer, only the lines are considered in this
simplification, and coordination needs are greater. There are also dis-
tribution companies responsible only for LV levels. This situation is not
considered a TSO/DSO border but a DSO/DSO border.

2.2. Coordination screening and potential impacts

2.2.1. Step 5.1: coordination case selection

Based on the same criteria defined in [28], this study considers the
division between radially operated networks, normally referred to as LV
and MV, and meshed operated networks, normally referred to as HV
levels and above. On the other hand, the needs can be classified
following the procurement timeframe as long-term, day-ahead and near
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EHV (~400kV)

EHV (~220kV)

EHYV border level

O

Fig. 2. Possible TSO/DSO voltage responsibility borders considered.

real-time.

As the voltage level of the TSO/DSO borders are relevant for the
study, this first classification can be replied to all three cases considered
in step 4. The fifteen cases shown in the classification proposed in
Table 2. Having needs in the DSO meshed-operated network will not be
possible if the DSO only operates MV and LV.

2.2.2. Step 5.2: TSO services involved

For each case study, it would be necessary to make a list of the ser-
vices and responsibilities of the TSO that may be affected by the needs.
As presented in [29] and [30], TSO services can be classified according
to the needs:

Table 2

Classification of potential scenarios for TSO-DSO coordination considering the
different voltage levels for TSO/DSO borders.

Classification
depending on the
need

Voltage levels for TSO/DSO borders

EHV border level

HV border level

MV border level

Long Term Long Term Long Term Long Term
Radially Radially Operated ~ Radially Radially
Operated Grid Grid, EHV border Operated Grid, Operated Grid,

HV border MV border

Day Ahead Day Ahead Day Ahead Day Ahead
Radially Radially Operated  Radially Radially
Operated Grid Grid, EHV border Operated Grid, Operated Grid,

HV border MV border

Real-Time Radially =~ Real-Time Real-Time Real-Time

Operated Grid Radially Operated  Radially Radially
Grid, EHV border Operated Grid, Operated Grid,
HV border MV border

Long Term Meshed  Long Term Long Term (Non-meshed

Operated Grid Meshed Operated Meshed Operated operated)
Grid, EHV border Grid, HV border

Day Ahead Meshed  Day Ahead Day Ahead (Non-meshed

Operated Grid Meshed Operated Meshed Operated operated)

Grid, EHV border

Grid, HV border

Real-Time Meshed
Operated Grid

Real-Time
Meshed Operated
Grid, EHV border

Real-Time
Meshed Operated
Grid, HV border

(Non-meshed
operated)

A) Frequency services, including all the balancing needs [31]: In-
ertial response, Fast frequency response—FFR, Frequency
Containment Reserve—FCR, Automatic Frequency Restoration
Reserve—aFRR, Manual Frequency Restoration Reserve—mFRR,
Replacement Reserve—RR, and Ramping.

B) Non-frequency services:

B1) Congestion Management (Corrective, Predictive)

B2) Voltage Control (Steady-State VC, Dynamic Reactive Power)

B3) Systems’ inertia and stability (Synchronous Inertial Respon-
se—SIR, Fast Post Fault Active Power Recovery—FPFAPR, Dynamic
reactive response—DRR)

B4) System Restoration (Black-start capability); and B5) System
Adequacy (Last-resort tender, Strategic reserves, Capacity mechanisms).

Other sources, such as [3] classify the services into Energy Related
Services (including A. B3 and B4), Network Related Services (B1 and
B2), and Secondary Electricity Services (as not related to the grid such as
Emissions Restrictions, Renewables Incentives, or Domestic Fuel Con-
tent Requirement)

2.2.2.1. Frequency services. Long-term flexibility solutions include long-
term contracts used for assuring the availability of flexibility reserves
with an activation market near real-time [32] [33]. Regarding frequency
services (A) and balancing services, the timeframe is Day-Ahead and
Real-Time. So for the Long-Term in any type of network and border
level, the impact is considered negligible. Only minor coordination
might be required to consider the participation of some DERs in fre-
quency services for the long term.

Regarding the Day-Ahead timeframe, a null impact on the balance is
possible if the local flexibility market is cleared before other markets to
integrate it into the offers for other markets. Flexibility activation cer-
tainty before the wholesale markets’ timeframe makes minor coordi-
nation possible as activations can be incorporated into the market
positions. In addition, the impacts on the balance have no relation to the
TSO-DSO border level.

To better focus on the case of imbalances, Fig. 3 represents an
example of congestion in the distribution network. The DSO needs to
reduce 5 MW on one line. The expected imbalance would be 5 MW if the
load was reduced. With flexibility activations, there would be a request
to increase the generation output of one plant available by 2 MW, that
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System imbalance: 5 MW
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Need: -5 MW Y!

DSO
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Local Flexibility Activation:

Local generation increase: +2MW
Flexible demand reduction: -3 MW
Real system imbalance: 3MW

Fig. 3. Impact on the overall system balancing of local flexibility activation on the DSO level.

would replace other generation plants and reduce consumption by
3 MW. Finally, the imbalance would be only 3 MW, and the TSO would
observe a difference of 5 MW in its area. From the example, it can be
deduced that the action of the DSO is in the direction of correcting the
imbalance. While inaction would lead to an imbalance of 5 MW, the
natural action of applying flexibility services reduces this impact to

Initial
situation

3 MW. In any case, as known sufficiently in advance, the offers pre-
sented in the energy markets by the participants must already consider
this requirement. Therefore, no action should be taken by the TSO to
manage this deviation.

In the case of real-time operation, there would have a clear effect as
any variation means a new imbalance that needs to be amended (i.e. a

System imbalance: 12 MW

Aenergy(T — D) = —12MW

1—12 MW outage

DSO

After Local
market
activation

‘7
O
4
©
oMw

System imbalance 2 :
12-4 (restored)-5(new generation) = 3 MW

Aenergy(T — D) = —12 + 4 = —8MW

DSO

T 14 MW restore SO SN Z—
(limited)

Local Flexibility Activation:
Generation +5 MW

-12 MW outage

+3 MW flexible demand activated

+5 MW flexible generation activated

+4 MW increased from distribution system
=0 MW outage in the new situation

Demand -3 MW (new load 9MW)

Fig. 4. Local flexibility activation in real-time.
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necessary redispatch). However, the actual needs of the DSO in real time
are always aimed at correcting unforeseen effects occurring in the dis-
tribution network. Therefore, real-time correction actions generally
represent a correction (i.e. rebalance) of unforeseen deviations. In other
words, real-time flexibility tools do not threaten the system balance. For
example, a line failure resulting in non-served energy could create an
imbalance of the same magnitude. Still, by activating flexibility to
supply that energy (e.g. increasing local generation) the system balance
can be re-established. Therefore, the sum of the DSO’s actions will go in
the direction of correcting the energy imbalances that will occur. Given
that the actions conducted in DSO are made with DERs committed in
previous timeframes, the TSO must have considered them previously, as
minor coordination. Fig. 4 represents an example of a scenario: an
outage due to a failure of a distribution line. It directly impacts 12 MW
load lost and creates an initial imbalance of 12 MW. The DSO can restore
some power from other lines, but limited to 4 MW. With flexibility ac-
tivations, there would be a request to increase the generation output of
one plant by 5 MW, which would not impact the balance being replaced
with other generation plants and another request to reduce consumption
by 3 MW. Altogether, the 12 MW impact of the outage would be neu-
tralised with the 4 MW from the network, 5 MW from the generation
and 3 MW of demand reduction. The final imbalance to manage in real-
time would be reduced to 3 MW, and the TSO would observe a differ-
ence of 8 MW in its area. Although the example in the figure refers to
loss of consumption, it would work the same in the opposite direction.

2.2.2.2. Congestion management. Congestions may cause a degradation
of assets such as transformers or lines [34] or put in danger system,
therefore the redispatch of resources is required to avoid them. Man-
aging the meshed network at different voltage levels always requires
some coordination as the impacts are propagated. Meshed networks
operate considering the upstream voltage level and vice versa. In
Europe, it is mandatory to share the data of the observable grid among
network operators [35] (e.g. structural data, scheduled unavailabilities
and real-time data). Therefore, regarding Congestion Management (B1),
TSO-DSO coordination might be needed to seek mutual approval and
consider cross-impacts in the Weeks to day-ahead, Intraday and
Real-time timeframes, which are the regular operations timeframes in
distribution grids.

The range of power magnitudes in MV or LV (Section 2.1.1) indi-
vidually does not condition the operation at (EHV) level, even less in
long-term projections. Being a transmission network, a load variation of
less than 1 % in the most affected asset could be expected. From hun-
dreds of MW to around 1 MW, considering simultaneity and meshed
topology [36], [28]. However, in case the border is at MV level and the
HV/MV transformer belongs to the TSO which is not common practice
(e.g. in France and Italy, where the TSO/DSO border is at MV level,
HV/MV transformers belong to the DSO), this range of power might
occasionally condition the operation of the transmission grid and major
TSO-DSO coordination would be needed.

2.2.2.3. Voltage control. Regarding the TSO services related to (B2)
Voltage Control, its activation must be specific to the operation of each
network and any interference activating resources connected to other
SOs grid must be coordinated, as proposed in Art. 29.9 Reg. 2017,/1485,
[35]. In the same way, as in congestion management, operational co-
ordination is necessary in the Real-Time and Day-Ahead. In [37], a
market-based TSO-DSO coordination scheme is proposed for voltage
regulation. For that, the DSO is given priority in using DERs to solve
distribution network constraints, however, significant flexibility re-
mains for the TSO even during periods of peak demand and maximum
export. Voltage control refers to a specific geographical location, voltage
level, and system operator [34], it must be managed by local mecha-
nisms. Any shared decision-making would only be in limited
circumstances.
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The coordination approach is similar to that of congestion manage-
ment, since, although the priority must be established by the DSO before
delivering flexibility services to the TSO, it is necessary to consider the
overall result to obtain an optimal solution. In [38] this approach to
overall efficiency is addressed. In it, TSO-DSO coordination approach is
proposed for voltage regulation showing results of a Greek case study to
leverage flexibility from distribution grids for over-voltages in the
transmission grid.

Thus, with the same rational, TSO-DSO coordination might be
needed for the Meshed Operated Grid to seek mutual approval and
consider cross-impacts in regular operations (Day-Ahead and Real-
Time), but not long-term. For the Radially Operated Grid Scenarios
the range of power might condition the operation of the transmission
grid only for borders at MV level. Only in those cases major TSO-DSO
coordination would be needed.

2.2.2.4. Inertia and stability. Many inertia and stability services are
based on availability activated if necessary. The availability service itself
does not have conflicts. In the necessary data exchange, the DSO should
have the information of such availabilities. Rotor Angle Stability solu-
tions are expected to be activated in real time. There could be an ex-
pected conflict in the case that DSO activates in real-time a congestion
service in the opposite direction to stability services deployed by the
TSO, for which the TSO would have to activate further services to
compensate for the DSO service activation. Presumably, this scenario
would not happen without the proper information exchange.

In any case, although this exchange of information is desirable, it is
expected that the activation of inertial services, the duration of which is
a few seconds or less than one second, will not affect the capacity of the
distribution network beyond compatibility with the protections system.
In some cases, the short duration of inertial services would not even be
sufficient to trigger the action of the protections. Therefore, this ex-
change of information would take place especially to enable this coor-
dination. Although the Real-Time and Day-Ahead timeframe is indicated
to perform this check, because it would be sufficient, it could also be
given in the Long-Term. Because of that, Day-Ahead and Real-Time
scenarios were selected for minor coordination.

2.2.2.5. Systemrestoration. Large disturbances can cause total or partial
blackouts of power systems. Traditionally, power system restoration
starts from a neighboring power system, but the proliferation of
distributed generation resources enables parallel islands within the
outage power system that could be connected gradually to the trans-
mission system [39], [40]. Such an approach requires that islands within
the distribution system can be successfully started up and operated in a
stable manner, needing, in turn, a long-term planning to deploy the
capacities and infrastructure to do that. That is why long-term data
exchange may be needed. But logically, local needs for DSOs that trigger
flexible solutions would not have any interference with the System
Restoration Procedure.

2.2.2.6. System adequacy. System adequacy is part of the long-term grid
planning procedure based on a deterministic criterion under which the
sum of the total firm generation capacity should be higher than the
expected peak demand plus a security margin. The firm capacity
assigned to each generation technology is calculated depending on its
availability to supply the peak load by applying a derating factor to the
installed capacity [41].

There must be coordination between the planning of transmission
and distribution networks (e.g. Art 55 [42]) and alignment, and espe-
cially in the scenario of decarbonization and electrification necessary to
address the needs of the energy transition. Moreover, the application of
flexibility solutions in DSOs’ investment plans, as indicated in the Eu-
ropean Directive [1] requires information on the flexibility services
needed in the medium and long term.
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The influence of flexibility on the long-term planning of the elec-
tricity system is still unknown [43], although long-term tenders to defer
investments in the distribution network may become relevant [33],
[44]. However, as mentioned for radially operated grids, the objective of
this paper addresses only the need for coordination in the operation
stage. As in the previous case, information exchange at the interfaces
would be sufficient to perform coherent operational decisions (minor
coordination).

Table 3 shows a summary of the coordination needs according to the
impacts produced by the activation of local flexibility by DSOs. The
impact assessed here refers to an aggregated impact, not a one-off use of
local flexibility.

2.2.3. Step 6: relevant impact screening

According to the selection of coordination cases proposed in the
previous section and the needs for major coordination, following this
methodology the cases of minor coordination could be identified
without further steps. Long-term flexibility markets, as part of the
operational tools, negotiated long before the day ahead, should not
affect any existing market mechanisms or any grid operation as they
occur in advance. The activation of long-term commitments would have
the effect of short-term activations previously discussed.

Flexibility activation certainty before the wholesale markets’ time-
frame makes minor coordination possible, avoiding energy imbalances.
The real-time local markets for DSO needs are not expected to generate
energy imbalances. As discussed in Section 2.2.2, DSO’s real-time ac-
tions are always in the direction of correcting unforeseen imbalances, as
DSOs objective is to maintain the service and to avoid curtailments or
outages.

But other cases need to be analyzed. This would occur mainly in the
cases of congestion management and voltage control as local needs for
Day-Ahead and Real-Time, in the cases of a mesh network when the
TSO/DSO border is in HV or EHV, or in the case of a radial network
when the border point is in MV. This complementarity in active and
reactive needs is interesting because, in some studies, the treatment is
done jointly. In this regard, [45] proposes the new concept of
active-reactive power (PQ) chart, which characterizes the short-term
flexibility capability of active distribution networks.

2.3. Comparison of local flexibility activation with regular DSO operation
at different load levels. Step 7

As mentioned in Section 2.1.1, a DSO flexibility need can be
simplified based on relevant characteristics: power active or reactive,
upwards or downwards, location and duration. A switch operation in the
distribution grid that has the same effect is considered for this com-
parison. This step aims to make a real approximation of the impact of the
activation of flexible resources that can be compared to the impact of a
switch operation of the distribution network on the transmission
network. If a DSO operation that currently occurs has an analogous ef-
fect and a negligible impact on the TSO network, the same effect will
have the activation of the flexible resources by the DSO.

For that, a grid model in which a power flow can be run may be
selected, and according to the specific border level (EHV, HV or MV), a
certain amount of power change is evaluated to see the effect it has on
the transmission level. Considering the type of network in which the
need occurs, the most appropriate way to reach realistic conclusions is to
take an amount of power expected at that voltage level.

The methodology in this step is as shown in Fig. 5:

e A real network, including TSO and DSO grids, is selected to assess the
effect of the DSO flexibility services at TSO and DSO levels. To be
comparable with the model used, a cascade of four different voltage
levels, and at least three of these voltage levels should be meshed
operated, to compare different TSO/DSO borders. And the network
size should be representative of the area (Europe in our case) and

Table 3

Coordination needs and the impacts produced by the local flexibility activation by DSOs. (Indicating the three cases in Section 3.2).

MV border level

HV border level

EHV border level

DSO need at meshed network DSO need at radial network DSO need at meshed network DSO need at radial network

DSO need at radial network
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Fig. 5. Step 7: Comparison of local flexibility activation with regular DSO operation.

have enough complexity to represent the impact of the operations in
these voltage levels (> 1 million customer area).

As it is an electric circuit model, the TSO/DSO border level can be
selected to assess other situations.

Estimate flexible activated power for the need. This power amount
represents the DSO need, so a representative amount of power ac-
cording to what is managed at each voltage level is chosen to draw
conclusions.

Find a switching maneuver that displaces the same amount of power,
it means an opening or closing operation of a maneuver element in
which a similar effect (same amount of power displaced upwards or
downwards) is produced.

Run power flow to check loads before and after the manoeuvre and
register the number of branches exceeding 50 %, 66 % and 100 % in
the transmission system. Specifically, keeping the load below 66 % is
considered a benchmark of compliance with the N-1 contingency
[46] (ensuring stability in the event of failure of any element)
required in the meshed network.

As the methodology is for networks with an expected significant load
increase. The load increases by different steps and repeating the
power flow to see what could be expected after some years.

The comparison of the number of overloads after and before the
operation provides insight into the effect of the operation on the
transmission network.

The aim is to demonstrate how such operations on the distribution
network, which have equivalent or more impact on the transmission
network than the flexibility activation, affect the transmission network.
Finally, to set a reference boundary, establish a limit below which it can
be considered that no further coordination other than data exchange is
necessary.

2.4. Major coordination confirmation

2.4.1. Step 8: relevant impact potential confirmation

When the number of high loads or overloads in the transmission
network is altered by the activation of flexibility in the distribution
network, it may be considered that there is a clear need to coordinate so
that the operation in a system operator (SO, either DSO or TSO) does not
affect the operation of another DSO and therefore the search for mutual
approval will be necessary. On the contrary, if the transmission network
is not compromised in any case, not even with a reasonable expectation
of growth, we can say that for that amount of power, greater coordi-
nation is not necessary and that lesser coordination would be sufficient.

2.4.2. Steps 9 and 10: TSO/DSO major coordination needed or only data
exchange

Coordination can be understood as 1) an exchange of information or
technical requirements to operate safely [12], which is defined as minor
coordination in this paper; or 2) a mechanism by which responsibility
and decision-making in the operation are shared, defined as major co-
ordination. In all cases, the need for data exchange is not questioned.
Providing information, as long as it does not require waiting for a
response, does not create major challenges. However, when major co-
ordination is necessary, barriers, costs, and operational challenges may
arise.

3. Real case studies: application of the methodology to a real
network considering different borders and quantitative results

3.1. Real DSO flexibility needs: the case in Spain

When congestions or voltage violations are detected early enough,
corrective actions are taken. Making the cause-consequence link in the
network’s operating parameters is more complicated. However, un-
planned interruptions make the effect more immediate and the network
parameters easier to analyse. Compared to other EU countries, Spain
shows a number of interruptions that are average as shown in Fig. 6, and
they are taken as a benchmark. Some countries have exceptionally high
rates due to exceptional situations, such as Ukraine. Logically, smaller
countries may be more sensitive to this volatility. These extreme con-
ditions also do not occur throughout the years, so it makes sense to take
an average value as representative of the average system. Fig. 6 shows
both planned and unplanned interruptions.

Indicators for Spain show that each customer can face less than
100 minutes of interruption (Fig. 7) and less than two interruptions per
year [47]. In the case of Spain, 99.907 % of the customers are connected
to the LV and MV networks. Therefore, these indicators refer mainly to
interruptions of those voltage levels. Considering the values of a DSO in
Spain,these values would mean that in a distribution network of 10
million customers, there would be an average hourly need to manage
1.9 MW overall, which is less relevant than the power of one MV feeder
(near 5 MW as proposed in [28]) to recover the service. This data is
directly related to the type of network, aerial or underground, and the
number of supply points the MV feeders and substations have. This
reference is comparable with the average value of capacity of MV/LV
substation per LV consumer of 4.76 kVA mentioned in [48]. A trans-
former capacity utilization of less than 20 % would also mean less than
1.8 MW to manage as an average per hour of the year for 10 million
customers. So, these references can be representative to other European
countries.

As the voltage level of TSO/DSO borders in Spain are in EHV ac-
cording to Fig. 2 and the need to manage the magnitudes in local flex-
ibility markets in LV and MV levels have the same order of occurred
averaged interruptions, there is no need for additional coordination
between TSO and DSO. These variations already occur spontaneously
and currently are not followed by any coordination or readjustment. A
failure in a medium voltage feeder is managed directly by any DSO
without coordinating with the TSO in Spain.

The operation of the meshed grid is noticeably different and requires
a simulation of future scenarios to predict the impacts on the grid, for
instance, through load flow analyses. This procurement timeframe
brings together generation and demand forecasts from the wholesale
market and the management of constraints by the TSO and forecasts of
scheduled network manoeuvres and maintenance activities for both TSO
and DSO.

Decisive factors in foreseeing the impact of the operation of one
network on the other are: 1) structural information (networks configu-
ration, substations, lines, transformers, loads, generators, etc.) and 2)
real-time data (topology, active and reactive power, voltages, etc.),
including the operation manoeuvres of TSO and DSO [35]. The impact of
the management of the flexibility tools of one network on the other will
be directly related to the coordination need, which can be compared
with the normal operation of the networks where no cooperation is
necessary.

128



F.-D. Martin-Utrilla et al.

Sustainable Energy, Grids and Networks 39 (2024) 101482

Planned and unplanned interruptions (minutes per customer per year)

Fig. 6. Overall planned and unplanned long interruptions (minutes lost per year) in European countries. Source: [7].

Planned and unplanned interruptions in Spain (minutes per year)

Fig. 7. Overall planned and unplanned interruptions in Spain (minutes per year) in European countries. Source: [47].

The purpose of this study is, therefore, to take representative ordi-
nary cases of a real network, and observe the effect of applying the
methodology. Table 4 presents a statistical analysis of the maneuvers in
the distribution network. With these values, significant operations of a
volume similar to that obtained for the percentile 75 corresponding to

Table 4
Statistical Analysis to select power needs magnitudes. Source: own elaboration.

EHV (Case 1) HV (Case 1) MV (Case 1)

N° operations/period 13 76 1017
Average power (kW) 29157 4362 3908
Standard deviation (kW) 36001 14106 6064
Percentile 75 (kW) 53439.05 13876.31 7998.10

each voltage level might be selected.
3.2. Grid scenarios selection

3.2.1. Grids and operations selection

According to Section 2.2.3, and to choose the most useful and
representative cases, three different real case studies in the Spanish
network are selected with different voltage levels to simulate three
different possible scenarios depending on the responsibility borders
between TSO and DSO, as shown in Fig. 8. According to the network
characteristics described in [48] could be broadly representative of most
of the European Union, where there could be EHV, HV, or MV border
levels.

In the first one, a 132 kV line belonging to the DSO network with a
load of 48 MW is interrupted, potentially affecting 20.5 % of the meshed
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Fig. 8. Different voltage levels and TSO/DSO borders considered for the case studies. Case 1 is the actual case in Spain. Source: own elaboration of a simplified

representation of i-DE (Spanish DSO) network.

grids that belong to the transmission grid (Case 1). This amount of power
is close to the threshold of 50 MW proposed in [28] to define the need
for TSO participation in DSO needs. In the second one, a 66 kV line
belonging to DSO with a load of 12 MW is interrupted, potentially
affecting 71.5 % of the meshed grids that belong to the transmission
grid, considering the 132 kV grid as a TSO network (Case 2). It is close to
the 15 MW, which corresponds to the average load of a 66 kV line, ac-
cording to the information provided by the DSO. Different profiles could
be selected to observe different scenarios with combinations of demand
and generation. However, in the selected cases, the most unfavourable
case is the peak demand, so, based on the TSO data obtained for the
system [49], the hour of maximum total demand is chosen (Fig. 9). In
the third case, in which 100 % of the meshed grids belong to the
transmission grid, a part of the MV grid of an urban area loading 10 MW
is transferred from a primary substation to another. An energy transfer
was considered since a disconnection would not generate overloads.

3.2.2. Power flows and impacts on the TSO side

We simulate in PSS/E [50,51] a regular line switch on the network to
observe variations in the upper voltage levels. These switches are
common operations that redistribute load flows in the meshed network.
The aim is to quantify the variation of flows at higher voltage levels
under normal operation circumstances.

The load was then raised by different steps from current levels
(+10 %, +20 %,., +100 %) until the load was doubled and the same
network reconfiguration was carried out. The number of congestions

detected in the grid is registered and reported.

Impacts on the TSO side are the possible congestions identified by
PSS/E, which uses iterative techniques to solve the power system
nonlinear algebraic equations by adjusting voltages at all systems
branches to satisfy Kirchhoff’s current laws and system demand as well
[51]. The full Newton-Raphson method in PSS/E is selected to solve the
steady-state power flow analysis.

3.2.3. Cases studies characteristics

The tests were performed on a real grid with real operation data with
an expected significant load increase due to electrification of energy
demand (e.g. electrification of transportation, industrial processes or
heating). This area has a total peak load of 2697 MW and 2.34 million
customers, as shown in Table 5, with 85 branches belonging to the
400 kV and 220 kV system, 296 branches of 400 kV, 220 kV, and 132 kV
considered, and a total of 828 branches not including transformers to
MV. So, the first case would consider the TSO as the operator of the
400 kV and 220 kV network, with the DSO the operator of the 132 kV
network. The second case would add the 132 kV network to the TSO,
being the DSO the operator of the 66 kV network and the third case
would add all the HV voltage levels to the TSO. As mentioned before, all
three case studies presented are framed in the Spanish context, which
could be broadly representative of most of the EU systems. [48]
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Table 5
Case studies description. Source: own elaboration.
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Total demand power: 2.7 GW Case 1

Case 2 Case 3

TSO voltage levels 400 kv, 220 kv

400 kv, 220 kv, 132 kV 400 kv, 220 kV, 132 kV, 66 kV

DSO voltage levels 132 kV, 66k, 20 kV, LV 66 kV, 20 kV, LV 20 kV, LV
Branches in the TSO grid 85 296 828
Power interrupted 48 MW 12 MW 10 MW (transferred)

3.3. Results

Case 1. (considering TSO-DSO borders at 132 kV)

Fig. 10 shows the results of applying the methodology to Case 1,
which interrupts 48 MW (at normal peak load) of a 132 kV line, forcing
it to redistribute the load in the transmission network. On the x-axis the
different load levels are considered, reflecting on the y-axis the number
of lines or transformers overloaded. The curves represent the situation
after and before the equivalent operation. The number of overloads is
similar after and before switching for all the load levels considered. In
short, these operations do not compromise saturations in the trans-
mission network.

Case 2. (considering TSO-DSO borders at 66 kV)

The second case results in Fig. 11, shows equivalent results to those
in the first case. On the x-axis the different load levels are considered
reflecting on the y-axis the number of lines or transformers overloaded.
The curves represent the situation after and before the equivalent
operation. As the number of branches is much higher, the divergences
between the network before and after switching are less noticeable. In
this case, the switching action proposed by the operator as a regular
operation interrupts 12 MW (at normal peak load) of a 66 kV line,
forcing it to redistribute the load in the transmission network. Again, the
transmission network congestions remain unaltered, and the N-1 crite-
rium is not compromised with such an operation.

Case 3. (considering TSO-DSO borders at 20 kV)

The third case results are shown in Fig. 12, and this time, the results
are different from the previous cases. Although significant transfers exist
in the MV network, no changes are perceived in the number of branches

in each step with or without switching. In that list of branches, the
transformers to MT was excluded. The Case 3 would only be affected by
the overload of the HV/MV transformer, whose overload would be
reached with load levels greater than 150 % of the current load. (The
case of the HV/MV transformer that powers the feeder must be
considered if it is close to the capacity limit). For this reason, higher load
scenarios are not contemplated because they would not be real. Equiv-
alent results as in the first case. On the x-axis the different load levels are
considered, reflecting on the y-axis the number of lines or transformers
overloaded. The curves represent the situation after and before the
equivalent operation. But, as there is no variation, only one curve is
visible. The conclusion remains unaltered, and the N-1 criterium is not
compromised with such an operation.

3.4. Lessons learnt from identifying potential coordination needs and the
comparison with current DSO operations: implications for the need for
TSO-DSO coordination in local markets

This section summarizes the main conclusions drawn from the nu-
merical results of the real case studies:

a) Currently, load variations under normal operations in radial net-
works reach close to 5-8 MW (equivalent to one MV feeder) without
requiring specific TSO-DSO coordination. Moreover, 1.9 MW would
be an estimation of the DSO flexibility needs for a distribution area of
10 million customers (Section 3.1). Even with an energy transfer of
10 MW, the transmission network has no significant consequences.
Therefore, local flexibility of such magnitude should not require
additional coordination either. Only when the TSO/DSO border is at
MV, the limit of the HV/MV transformer must be considered.

Overloads

50

45

40

35

30 over 50%

% Branches overloaded

25

20

over 66%

over 100% /

Normal L Lx1,1 Lx1,2 Lx1,3 Lx1,4

———  Before line interruption
After line interruption

x1,5 x1,6 x1,7 x1,8 Lx1,9 Lx2

Peak Load x n

Fig. 10. Number of branches exceeding different percentages of capacity in scenario 1 (DSO operating 132 kV and TSO operating 400 kV).
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Fig. 11. Number of branches exceeding different percentages of capacity in scenario 2 (DSO operating 66 kV and TSO operating 132 kV).
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Fig. 12. Number of branches exceeding different percentages of capacity in scenario 2 (DSO operating 20 kV and TSO operating 66 kV).

b) The current operations of the DSO’s meshed network have a limited
impact on the TSO’s network or system reliability. Then, local mar-
kets for similar quantities are not expected to have additional im-
pacts as long as they transfer energy volumes similar to the operation
manoeuvres. In the case of the DSO operating the 132 kV grid (EHV
border) as it is in Spain, moving a volume close to 50 MW has almost
no impact. Operating the 66 kV grid (HV border), moving a volume
close to 15 MW has no impact.

Given that the DSO highest voltage level is normally at a HV level, at
66 kV or at 132 kV or similar, or even whether it is at MV, these
conclusions obtained from case studies of the Spanish grid can be
extrapolated to other countries no matter the size of the area or
voltage level. Attention should be paid to how the grid is operated, as
there may be a radial grid at high voltage or a medium voltage
meshed grid that deserves special attention.

—

C
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4. Conclusions

The necessary coordination between DSO and TSO for activating
flexibility services has been addressed extensively in recent literature.
However, this paper argues that this coordination is less necessary for
variations imperceptible to the transmission network. To check this
assumption, all possible cases, defined in terms of voltage levels, needs
timeframe, and possible TSO/DSO border levels, are assessed to detect
major coordination needs (the type of coordination by which re-
sponsibility and decision-making in operation are shared) and then
compared against conventional operating conditions that nowadays do
not require any TSO-DSO major coordination. All possible TSO impacts
are screened, and considering all services TSOs manage. If the volume of
flexibility activated by DSOs is in the same order as current operational
practices, we argue that minor coordination (consisting of a simple
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exchange of information) is enough, and additional coordination would
not be required.

This methodology is worth to assess a specific DSO need. Therefore,
to evaluate a spectrum of needs, it is necessary to reproduce the meth-
odology as many times as necessary. A systematization of the process
that allows a greater spectrum of scenarios and needs to be related
would also allow for a broader map of coordination needs.

The methodology assumes a network with an expected significant
load increase due to electrification of energy demand and considers
different demand scenarios. All different scenarios are investigated by
identifying all possibilities in which coordination would be necessary;
and from the proposed quantitative analysis, the threshold and the cir-
cumstances beyond which such major coordination is necessary. It is
concluded that local markets would not impact the transmission
network as long as they are not dedicated to the short-term management
of the meshed distribution network. In addition, the necessary major
coordination is limited to short-term scenarios in which the meshed
networks move significant volumes. According to the cases analysed,
this threshold could be set at >>50 MW with a TSO/DSO border at EHV
or >>15 MW with a border at HV.

On the other hand, statistically representative values were chosen
based on confidential data from the operations carried out by a control
room with 2.34 million customers over 20 years. Since the size of the
operations is a structural condition of the network, a stochastic analysis
was not carried out. However, while MV size of operations has a more
stable annual volume, data availability from HV and EHV networks are
very different each year. Therefore, given the stochastic nature of the
number of operations, future research could check if an increase in the
number of DSO needs would affect the thresholds or how a change in the
size of the operations or new technological developments would change
them. For example, how the digitalization of networks could help reduce
the size of operations and the coordination thresholds. Further research
could also address the study with networks in scenarios with the pro-
liferation of distributed generation or distributed storage.

These findings should help remove the restrictions and barriers for
flexibility providers to meet the criteria imposed by TSOs to participate
in their services and provide flexibility with less strict requirements that
could generally be the case of DSO services. Moreover, it would allow
DSOs to have greater versatility to tailor flexibility services to providers’
capabilities, thereby unlocking a greater volume of flexibility.
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