
 

Demonstrating a generic four-step approach for applying
flexibility for congestion management in daily operation
Citation for published version (APA):
Fonteijn, R., Nguyen, P. H., Morren, J., & Slootweg, J. G. (2020). Demonstrating a generic four-step approach
for applying flexibility for congestion management in daily operation. Sustainable Energy, Grids and Networks,
23, [100378]. https://doi.org/10.1016/j.segan.2020.100378

Document license:
CC BY

DOI:
10.1016/j.segan.2020.100378

Document status and date:
Published: 01/09/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/j.segan.2020.100378
https://doi.org/10.1016/j.segan.2020.100378
https://research.tue.nl/en/publications/22234ed7-c234-41c0-a49f-7eb34077322c


Sustainable Energy, Grids and Networks 23 (2020) 100378

a

b

e
v
n
t
e
e
t
w
l
n

3

h
2

Contents lists available at ScienceDirect

Sustainable Energy, Grids and Networks

journal homepage: www.elsevier.com/locate/segan

Demonstrating a generic four-step approach for applying flexibility for
congestionmanagement in daily operation
R. Fonteijn a,∗, P.H. Nguyen a, J. Morren a,b, J.G. Slootweg a,b

Electrical Energy Systems, Eindhoven University of Technology, De Zaale, 5612AJ Eindhoven, The Netherlands
Asset management, Enexis Netbeheer, ’s Hertogenbosch, The Netherlands

a r t i c l e i n f o

Article history:
Received 10 February 2020
Received in revised form 29 June 2020
Accepted 1 August 2020
Available online 7 August 2020

Keywords:
Congestion management
Decision making
Demand response
Energy markets
Flexibility
Load forecasting

a b s t r a c t

New energy technologies like photovoltaics, electric vehicles, and heat pumps increasingly find their
way to distribution networks. At the time the existing distribution networks were designed, only
conventional loads were considered. The capacity of the (existing) distribution networks is therefore
insufficient to handle the additional (bidirectional) peak load caused by these new technologies. The
distribution system operator (DSO) is facing network congestion. Flexibility to shift and/or change
power and energy in time and/or amount is considered as an option to mitigate network congestion
with various implicit and explicit mechanisms. This leaves DSOs with the question on how to deploy
such mechanisms seamlessly and effectively in daily business with uncertain congestion scenarios and
complex integration processes. To tackle these operational challenges, this paper introduces a generic
four-step approach to operationalize the flexibility need of a DSO, for any chosen implementation of an
implicit or explicit flexibility mechanism (e.g. price-based schemes, flexibility markets, direct control).
To this end, this paper addresses the steps: 1. Data acquisition, 2. Forecasting, 3. Decision-making,
and 4. Flexibility mechanism interfacing. Furthermore, a particular implementation is described in
relation to the Dutch’ H2020 InterFlex demonstrator, showing the field application of the proposed
steps. In this demonstrator, a large amount of flexibility (26 electric vehicle charge points of 22kW, a
250kW/315kWh battery energy storage system, and a 260 kWp photovoltaic installation) is connected
to two 630kVA transformers in a residential area with approximately 350 apartments. The results of the
implementation show that the proposed steps enable the DSO to predict congestion, put a monetary
value on flexibility, and use this value to evaluate flexibility offered through – in this case study – a
flexibility market.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

1.1. Background

The energy transition is gaining momentum. Sustainable en-
rgy sources such as small-scale wind power and solar photo-
oltaic (PV) installations are widely introduced in the distribution
etwork. Simultaneously, in an effort to decarbonize transporta-
ion and heating, distribution networks face new loads such as
lectric vehicles (EVs) and heat pumps (HPs). These distributed
nergy resources (DERs) provide new opportunities for the dis-
ribution system operators (DSOs). Traditionally, distribution net-
orks are designed and reinforced based on the expected peak

oad, taking into account the simultaneous factor, to prevent
etwork congestion. By using (demand side) flexibility from DERs,
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DSOs can prevent and manage network congestion, and avoid or
postpone network reinforcements.

Various flexibility mechanisms have been considered for this,
among which: price-based schemes, flexibility markets, and di-
rect control. Two types of flexibility mechanisms can be distin-
guished, namely implicit and explicit [1]. Flexibility can be made
available through the implicit mechanism by means of sending
price signals to consumers. These price signals reflect the vari-
ability of network costs and market prices. Consumers can then
choose whether or not to act upon this variability and reduce the
costs of their electricity bill. In case flexibility is made available
explicitly, flexibility is defined as one or more products on the
energy and/or ancillary service markets, and traded as such. In
this case, remuneration depends on the (explicit) delivery of the
product flexibility.

Both types have been analyzed in literature and simulations,
and demonstrated in pilot projects [2–8]. In [2], a method to use
dynamic tariffs for congestion management is designed. To this

end, the authors use a chance constraint two-stage optimization,
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capturing the uncertainty of flexibility assets’ day-ahead schedul-
ing. In [3], an implicit and an explicit method are integrated,
introducing a day-ahead dynamic price and a real-time curtail-
ment request. This is done using a multi-agent system, and its
performance is simulated based on a modified European LV test
network. In case a congestion occurs, the aggregator attempts
to obtain the required flexibility by adjusting the day-ahead dy-
namic prices. When this proofs to be insufficient flexibility, cur-
tailment of assets provides the remainder, providing a reliable
platform.

In more generic terms, a framework to evaluate flexibility
pilots with respect to European regulation is introduced by [5]. In
line with this work, the European regulation is analyzed to iden-
tify the enablers for the employment of flexibility [6]. In [7], the
viability of different implicit and explicit flexibility mechanisms is
evaluated with respect to their ability to resolve congestion in the
distribution network. The results are not favoring either implicit
or explicit mechanisms. It can be seen that the ability to solve
and/or prevent congestion depends on more than just the chosen
mechanism. Here, the main additional factor is found to be user
acceptance [7]. An extensive literature review related to the con-
cepts behind local flexibility markets is provided by [8], looking
at different market formulations, flexibility products/services, and
actors with their interfaces.

Besides theoretical work, a number of pilot projects have taken
place. From a residential perspective, two pilot projects have
been evaluated in [4]. In one pilot project, dynamic tariffs stimu-
lated households to either manually or semi-automatically offer
flexibility through implicit DR. The tariffs were communicated
day-ahead, through a home energy management system. In the
second pilot, automated (explicit) DR was used to unlock flexibil-
ity from residential heating systems. The appliances responded
automatically to price signals. In this study, the effects of DR
flexibility are evaluated based on three optimization strategies:
minimizing network costs, minimizing energy costs, and mini-
mizing energy costs while considering the network constraints.
It is shown that flexibility has significant value for all three
strategies.

In Sweden, a university campus network is used as a living-
lab, which facilitates a number of projects related to (among
others): congestion management, load management and local
markets [9]. The local market enables synergies between all local
energy carriers (electricity, heating and cooling), while local oper-
ation strategies of the (electric) distribution network are managed
by an energy management system with a model-predictive con-
trol strategy, depending on the project laying at the base of the
proposed and tested solutions.

Two other H2020 projects related to local markets and flex-
ibility trading are the EMPOWER (focused on prosumer market
participation) and INVADE (focused on flexibility from EV and
battery storage) projects [10,11]. The focus in these projects has
been technical viability of a local market and the implementation
of local services in this market.

Four additional flexibility market implementation projects (Pi-
clo Flex, Enera, GOPACS, and NODES) have been evaluated by [12],
all of which are supported by multiple DSOs. In this paper, the
authors focus on finding the answers to six controversies in
the design of the markets. These relate to: integration in exist-
ing EU markets, independence of the flexibility market operator,
payments, product standardization, TSO–DSO cooperation, and
DSO–DSO cooperation. With that, this paper focuses on the con-
cepts and designs of the markets, rather than the implementation
and embedding in the DSO context.

Various authors introduce integrated solutions, using the price
sensitivity of consumers while taking the network constraints

into account. In [13], household loads are scheduled by the energy
providers and exposed to the DSO’s dynamic tariff. These dynamic
tariffs reflect the DSO’s flexibility needs. From the perspective
of EV charging, [14] proposes the use of a central controller as
an interface to the EVs charge points on a residential parking
area. In this solution, the cost of electricity and the (connection)
feeder capacity are considered among others. A central approach
however means a single entity is in charge of the controller,
which in the unbundled European energy market might conflict
with existing legislation.

Adapting integrated flexibility solutions in the existing power
sector on a short term and without in-between steps is challeng-
ing, as quite large changes regulation, roles and responsibilities
would be required. DSOs thus look for smaller, specific steps in
that direction. One of the initial steps is to monetize loss of life,
in case an overloading occurs. In [15], the financial impact of loss
of life is incorporated in the proposed DR solution. To this end, a
multi-agent system is proposed. The model is shown to work in
a simulated Dutch residential LV network, but not implemented
in a day-to-day operational decision-making setup.

1.2. Problem definition

So far, the focus of both academic research and pilot projects
has been on the ability of flexibility to resolve congestion in the
distribution network, either completely or partially. This poten-
tial has been shown, from a technical, regulatory and market
perspective.

A topic that is not yet extensively addressed, is how to embed
a method to use flexibility for congestion management in the
DSO’s daily operation. In other words: how to operationalize
the flexibility needs. This operationalization is defined as the
day-to-day (operational) decisions as to where, when, and how
much flexibility is needed. This is the operational phase after
the implementation of any particular (chosen) implicit or explicit
flexibility mechanism.

The contributions of the authors can be summarized as fol-
lows:

• This paper introduces four generalized steps needed to oper-
ationalize implicit or explicit flexibility for congestion man-
agement from a distribution system operator’s perspective.

• A generalized study is provided for each of the four individ-
ual steps.

• Then, an analysis of a case-specific implementation is pro-
vided, including a discussion of the results per step.

1.3. Outline

The remainder of this paper is organized as follows. Sec-
tion 2 defines flexibility, and introduces the proposed four-step
approach. Section 3 elaborates on the individual steps of the four-
step approach. The case-specific implementation of the Dutch
InterFlex subproject is described in Section 4, followed by the
results & discussion in Section 5. Finally, the conclusions are
presented in Section 6.

2. Flexibility and its operationalizing challenges

2.1. Definition of flexibility

For the remainder of this paper it is necessary to provide
the used definition of flexibility. Literature defines flexibility in
various ways using different parameters, depending on its appli-
cation. The International Energy Agency defines flexibility from a
system perspective, as the extent to which the power system can
modify electricity production or consumption in response to vari-

ability, expected or otherwise [16]. Taking the perspective of the
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system operators, both transmission and distribution, flexibility
can be defined as the active management of an asset that can im-
pact system balance or grid power flows on a short-term basis (from
day-ahead to real time) [17]. Furthermore, the use of flexibility for
different market parties is identified as follows [17,18]:

• Transmission system operators can use flexibility for system
balancing and congestion management.

• Distribution system operators can use flexibility for conges-
tion management.

• Balancing responsible parties can use flexibility for portfolio
management.

These same applications are also identified by [19]. Further-
more, [19] identifies the importance of parameters to characterize
flexibility, such as the amount of power modulation, the rate
of change, the response time, and the location of the asset.
The parameters which are relevant can vary, depending on the
perspective in which flexibility is applied.

This paper focuses on flexibility for congestion management,
from a DSO perspective. In that case, the relevant parameters of
flexibility can be limited to location, period, time and (potential)
power adjustment. These parameters can be found in the defi-
nition by [20], which is adapted for this paper. Flexibility is here
defined as the possibility to adjust power at a given moment in time
for a given period at a specific location.

2.2. Operationalization of the flexibility need

After selecting and implementing a mechanism to unlock flexi-
bility in the field (e.g. a flexibility market), the DSO needs to make
day-to-day (operational) decisions as where and when flexibility
needs to be applied, and (in case of a market) at which cost
(the method to set the pricing is determined by the DSO, and
implemented as part of the day-to-day decisions). This decision-
making in daily operation is defined as the operationalization of
flexibility, and includes all the day-to-day operational decisions
the DSO needs to make in order to obtain the necessary flexi-
bility from the flexibility mechanism. The operationalization of
flexibility consists of four steps (see Fig. 1):

1. Data acquisition
2. Load forecasting
3. Decision-making
4. Flexibility mechanism interfacing

Fig. 1 visualizes the relation between the external factors (input
data and the flexibility mechanism in place), and the DSO’s sys-
tem. The data is primarily used in the (short-term) load forecast;
however, for specific implementations additional data can also be
needed in the decision-making model (for example the outdoor
temperature). The remainder of this section briefly explains the
individual steps, after which Section 3 elaborates further on them.

To determine the need for flexibility, DSOs need to know (or
predict) the current or future power flows through their network
and its components (e.g. the transformer and/or cable loading).
DSOs install measurement equipment to obtain relevant mea-
surements from their network, and combine this with external
data sources such as weather data.

Using this data, a load forecast can be made for the various
distribution network components (e.g. transformers, cables). Typ-
ically, this is a short-term load forecast, ranging from week-ahead
to near real-time, depending on the flexibility mechanism ap-
plied. This forecast includes uncertainty regarding the scheduling
of flexibility assets.

The error and uncertainty in the forecast lead to uncertain con-
gestion scenarios on the basis of which the DSO needs to make a
decision regarding the location and amount of needed flexibility.
Depending on the implemented flexibility mechanism, additional
choices (e.g. market price in case of a flexibility market) can be
made.

The interface between the DSO’s forecasting and decision sys-
tems, and the systems of external parties (e.g. aggregators, house-
holds, industry) which offer the flexibility needs to be defined.
This interface is dependent on the implemented flexibility mech-
anism (e.g. tariffs, market). The interface translates the flexibility
need to the specific mechanism in place and interacts with the
systems of (multiple) external actors involved in the provision
of flexibility. Since the interface needs to be mechanism-specific
(in some cases even case-specific), it is evaluated as an individual
step in the operationalization process.

3. A four-step approach for flexibility operationalization

3.1. Step 1. Data acquisition

In order to gain insights into the loading of the distribution
network, and in an attempt to manage this more efficiently,
DSOs are collecting increasing amounts of data. This data comes
from measurements in the distribution network itself (i.e. volt-
age, current), on transformer & low voltage (LV) feeders, and
connection (e.g. smart meter) level. The relevant parameters for
congestion management are active and reactive power, which the
measurement equipment computes from the voltage and current
measurements. The time-resolution of these measurements can
differ, but would typically at least be aligned with the mar-
ket windows in which trading is done (e.g. 15-min or hourly
measurements).

Besides the data from measurement devices, external data can
be used. This can provide an insight in the weather conditions
(e.g. solar irradiance, temperature, cloud movement — both
forecasts and measurements on an hourly or 15-min basis) and
aids in predicting for example reverse power flows due to solar
PV.

Since the process starts with data, ensuring a reliable dataset
is of importance. Forecasting algorithms typically need various
datasets in order to come to a reliable result. However, the
required datasets often have missing values and errors. Therefore,
data pre-processing is common practice in the context of load
forecasting [21]. Various techniques of data pre-processing can be
found in the field of data science. In the context of this research,
as a minimum pre-processing level it is required that all gaps in
the data are filled (for example with forward filling, or interpo-
lation). Additional to the load forecast, decision-making models
might require extra data. Examples are outdoor temperature data
to determine the impact of congestion on the transformer and
prognosis of market parties’ flexibility dispatch on wholesale
markets (i.e. participating on the frequency containment reserves
balancing market, portfolio optimization, and day-ahead market
trading).

3.2. Step 2. Load forecasting

This section introduces the necessary concepts for the load
forecasting algorithm. The load forecast provides insights in the
expected load of each network node, based on the data gathered
in the ‘data-acquisition’ step. This data consists of (among oth-
ers) the measurements from the distribution networks and local
weather forecast data. The exact data requirements depend on
the implemented load forecasting algorithm.

In the temporal domain, load forecast differentiates four cate-
gories: very-short-, short-, medium-, and long-term forecasts [21].
The required category depends on the application of the load
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Fig. 1. Steps to operationalize flexibility for DSO application.
orecasts. (Very-)Short-term load forecasts range from near real-
ime up to a week ahead, and need a high data resolution. In
utch distribution networks, a 15-min data resolution is most
ommonly available. This is in line with the time-window of
he Dutch imbalance market. Medium-term forecasts range from
eeks-ahead up to year-ahead, and long-term forecasts look at
ne or multiple years ahead. Typically, the need for flexibility
o prevent congestion is determined one or two days ahead of
ime, depending on the mechanism and implementation. The
orecasting window on which this paper therefore focuses is 24-h
o 48-h ahead of time and, depending on the implementation of
he flexibility mechanism, with a 15-min resolution.1

The aggregation level of the load furthermore determines the
ariability in electricity consumption. The law of large num-
ers intuitively states that on higher aggregation levels the load
rofile smoothens out. An overview of the performance of load
orecasting models for various aggregation levels is presented
n [22], demonstrating that the coefficient of variation decreases
or increasing levels of aggregation. For this paper, a focus is put
n an aggregation level at the MV/LV transformer, which typically
eans a hundred or more connected loads. It is shown that for
uch aggregation level, the variance in the load is small, thus the
rofile is predictable [22]. For aggregation levels well below a
undred of loads, this variance is significantly higher, causing the
rofile to be less predictable (or the error in the prediction to
ncrease).

lgorithms
Forecasting algorithms come in numerous forms, ranging from

elatively simple regression models (e.g. linear regression, ARIMA,
olt–Winter’s exponential smoothing, extreme gradient boosting
egression) [23,24], to machine learning algorithms such as ran-
om forest regression [25] or neural network-based models [22,
6,27].
When choosing a suitable forecasting algorithm, four aspects

hould be considered: data dependence, computational time, ac-
uracy, and probability. Typically, an algorithm is a trade-off
etween (input) data dependence, computational time and accu-
acy. The more accuracy is required, the more complex the model
nd its inputs get and the higher the computational intensity
ill be. It is therefore necessary to consider what the minimum
ccuracy is, and which model is robust enough to offer that with
(for that case) reasonable data dependency and computational
ime.

rror measurement metric
The performance of a forecasting algorithm is typically mea-

ured with an error measurement metric. Various error measure-
ent metrics are described in literature, among which the mean

1 In the EU, 15-min and 1-h intervals are two common trading intervals on
he imbalance and wholesale markets.
average percentage error (MAPE) and root mean square error
(RMSE) are common for comparison purposes, as shown in the
overview by [28].

The MAPE weighs the error by dividing the difference be-
tween forecasted and measured data with the measured data.
As a result, each error is penalized with an equal weight. The
RMSE on the other hand has a squared proportionality with the
size of the error. The RMSE therefore penalizes larger differences
between forecast and measurement harder than small differ-
ences. Since the operationalization of flexibility has congestion
management as use-case, larger differences between forecast and
measurement are more critical than smaller differences. There-
fore, evaluation based on RMSE has an advantage over the MAPE,
in the case of congestion management.

Error visualization
Since congestion problems are time-dependent, an error visu-

alization over time is presented. The error visualization over time
provides insights of the performance of the forecasting model
during the critical time-window in which a congestion can be
expected. The error visualization can be used together with the
overall RMSE value, to evaluate the suitability of a load forecast-
ing algorithm within the context of congestion management.

Fig. 2 shows an example of this error visualization, showing
the error for different times of the day [29]. The time of the day
is projected on the x-axis. The left-hand side y-axis shows the
time intervals in which is forecasted ahead of time (in hours). The
color reflects the RMSE for any time of the day over the entire
forecasting window. Additionally, the right y-axis plots the mean
transformer load during the day, based on recent measurement
data. The mean load is supplemented with the 10%–90% and
1%–99% datapoint bandwidths, and plotted relative to the rated
power of the transformer. It can be observed that typically the
RMSE values increase for the moments of peak and high variable
loads during the day. In this example, in particular the influence
of solar PV on the error can be observed in the afternoon hours.
This can be explained by the algorithm behind this example being
unaware of any weather, causing the forecasted load to be highly
variable.

Error minimization
Furthermore, forecasting models typically are trained to min-

imize the overall (RMSE) error. Congestion problems however do
not typically occur throughout the whole day, but only in specific
time windows of the day. Therefore, we propose to tweak the
objective function such that a higher weight is given to the peak
times, or expected congestion windows, of the day and a lower
weight is given to the remainder of the day. This is done in two
steps: (1) the data-set is split in off- (no congestion) and on-peak
(expected congestion) windows, and (2) a weight (%) is given to

both off- and on-peak windows. The forecasting model is then
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Fig. 2. Example of the error visualization.
trained to minimize the RMSE, according to Eq. (1), where ε is
the share of the peak 15-min intervals in the loss function, Stest
is the set of test-data, split into a peak and an off-peak set, ŷ the
predicted value, and y the actual value.

obj = min

⎛⎜⎝ε

√ ∑
t∈Speaktest

(
ŷt − yt

)2⏐⏐⏐Speaktest

⏐⏐⏐
+ (1 − ε)

√ ∑
t∈Soff−peak

test

(
ŷt − yt

)2⏐⏐⏐Soff−peak
test

⏐⏐⏐
⎞⎟⎠ (1)

3.3. Step 3. Decision-making

The decision-making model translates the load forecast into
the need to operationalize flexibility through a flexibility mech-
anism in place. In case a small and/or short overloading is ex-
pected, the decision-making model might decide to let the over-
loading occur, depending on the constraints in place. These con-
strains differ per flexibility mechanism, however generally trans-
late into the value of flexibility (e.g. market price, contracted
price, frequency at which flexibility can be requested). The ob-
jective of the decision-making model is to make the trade-off as
to when and at what value (or price) flexibility is needed, and
translate this into a need from the flexibility mechanism.

This decision can be made by looking at the alternative costs:
the cost of letting an overloading occur. This can be derived from
the costs of the lifetime reduction and the risk an overloading
results in a blackout. [30] introduces a model to relate the cost of
lifetime reduction of a transformer, as a result of an overloading.
The financial consequences of a blackout can be found in risk
management documents of DSOs. This document can be used
to compute the direct costs per outage minute a DSO needs to
compensate to its customers.

3.4. Step 4. Flexibility mechanism interfacing

The flexibility mechanism interfacing is a case-specific inter-
face needed by the DSO to communicate its flexibility needs with
the external stakeholders providing the flexibility. This interface
varies for the different mechanisms (e.g. tariffs, market). We iden-
tify four elements in the interface: (1) system design choices, (2)
generic implicit/explicit flexibility choices, (3) implementation-
specific choices, and (4) protocols and communication.

System design choices
The first element on which a flexibility mechanism interface

depends relates to the system design choices. Part of the system
design choices is defining the roles and responsibilities in the
system. This defines whether the DSO is communicating directly
with flexibility providers (e.g. households, in case of implicit
flexibility through tariffs), or with an aggregator. The latter limits
the amount of systems the DSO needs to interface with, and
avoids communication with individual consumers. Additionally,
the sources of flexibility need to be determined, for example
industrial processes, household appliances, or electric vehicle
charge points.

Another system design choice to be made is regarding the
level of interactions. The DSO can choose to facilitate a platform
to which every related party connects, or choose for separate
connections with various party’s platforms.

Generic implicit/explicit flexibility choices
On a generic level, a differentiation can be made between im-

plicit flexibility mechanisms and explicit flexibility mechanisms.
Both clusters have their own set of choices.

Implicit flexibility choices:
Implicit flexibility choices relate to the implicit mechanism

applied (e.g. tariff structures). The first choice to make is the
particular implicit mechanism in place. Two alternatives (among
others) are tariff based (e.g. time-of-use, real time pricing, critical
peak pricing) and a variable contracted connection capacity [7,
31]. In both cases, the key choice to exchange on the interface is
the on- and off-peak timeslots (or low and high price timeslots)
in relation to the need of flexibility.

Explicit flexibility choices:
In case of an explicit flexibility mechanism, flexibility is de-

fined as a product the DSO can obtain from a market when it is
needed. The definition of this product flexibility is the first choice
that should be made. This depends on the definition of flexibility
(see Section 2.1) that is used (e.g. is it a product trading power
or energy). Depending on the defined flexibility product and the
way it is requested from the market, the interface includes: time
of day, duration, amount of flexibility, and price of flexibility.
Guaranteed availability depends on whether it is contracted be-

forehand, or whether the DSO sends a request to which a market
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party can chose to respond. Additionally, it should be considered
whether the flexibility market is implemented on a local level, or
integrated in the wholesale market.

Implementation-specific choices
Besides generic choices related to the implicit/explicit flexi-

bility mechanism in place, a specific implementation of a mech-
anism requires some implementation-specific choices. It is not
possible to cover all the possibilities, so this section limits to a
few examples.

Implicit flexibility choices:
Depending on the choice of implicit mechanism, additional

levels of prices or loading might be required. This is for example
the case for a dynamic tariff, where for every set time-interval
(e.g. per hour, per 15-min) a price should be set. Another example
is in case of a dynamic connection capacity, where the number
of on-peak hours per year is fixed beforehand. In such case, the
interface should take the amount of used and unused hours of the
year, and the remaining time in said year into account.

Explicit flexibility choices:
In an explicit flexibility mechanism, various implementation-

specific choices can be found. This is done for two different
implementations of flexibility markets: a local flexibility market,
and a wholesale-integrated flexibility market.

In a local flexibility market, the flexibility product is traded
in a separate market. In this market, a price is set for the product
flexibility (see generic explicit flexibility choices). Besides a price,
additional (implementation-specific) choices can be included in
the market (e.g. sanction price for non-delivery, available capacity
during non-congested timeslots). Additionally, DSOs can request
prognoses from the suppliers of flexibility. In these prognoses,
flexibility suppliers provide the DSO with an overview of the
time-windows in which their flexibility assets are expected to op-
erate, and with which power. An example of the use of prognoses
in a local flexibility market is the so-called D-prognosis from the
universal smart energy framework [32].

A wholesale-integrated market adds a location component to
the already existing market. In such setting, the DSO can look
for market bids matching with the location in which flexibility
is needed, and obtain this flexibility. This can be done either by
the DSO taking a market position and activating a specific bid,
or by remaining market-neutral and activating both an equally
big positive and negative bid, paying the difference between
the two. An example of an wholesale-integrated market with a
DSO-neutral market position is GOPACS, in combination with the
intraday market ETPA [33].

Protocols and communication
Last but not least, each interface has a communication module,

typically described by a protocol or framework. This communi-
cation module ensures the necessary information is exchanged
with the flexibility mechanism, either directly to the source, or
through an aggregator, or what else is defined. Examples of such
protocols are the universal smart energy framework (describing
a local flexibility market) [32], the energy flexibility interface
(describing four classes in which most flexibility sources fit) [34]
and electric vehicle related protocols such as the open smart
charging protocol and open charge point interface protocol by
Elaad [35].

4. Implementation

4.1. InterFlex: Dutch subproject

The four steps of flexibility operationalization are implemented
for the Dutch subproject of the European InterFlex program. The
 t
InterFlex program has started in 2017. The Dutch subproject of
the InterFlex program integrates an explicit flexibility mechanism
for congestion management. The DSO requests flexibility from
participating market parties (aggregators) in – at first instance –
a day-ahead market2 setting, based on 15-min trading intervals
(or program time units — PTUs). The gate-closure time of the
day-ahead market is set at 9:30 (before the wholesale day-ahead
market closes), and operates during the 96 PTUs from 00:00 up
to and including 23:45. Participating market parties are in this
pilot free to offer flexibility to the highest bidder [31], either to
the DSO on the local flexibility market, or to the TSO or balance
responsible parties (BRPs) on the wholesale level markets.

Two aggregators are currently participating in parallel to the
local flexibility market, offering flexibility from a centralized bat-
tery energy storage system (BESS) with a capacity of 255 kW
and 315 kWh energy storage [36], and 26 electric vehicle charge
points (EVCPs) of 22 kW each. Furthermore, a solar PV instal-
lation is being extended to 268 kWp, and managed by one of
the aggregators. The aggregators provide the DSO daily (before
the gate-closure time) with a prognosis of the flexibility sources’
schedules on the wholesale markets, such that the DSO can take
this load into account when evaluating potential congestion and
its resulting flexibility need.

The inflexible loads consist of 354 households (apartments),
various small enterprises, a parking garage, and some public
streetlights. All loads are connected to the LV network, and di-
vided over two 630 kVA MV/LV transformers, which each have
eight outgoing LV feeders. For this implementation, the two trans-
formers (substations) act as the congestion points, and the flex-
ible loads are connected to dedicated feeders. The outgoing LV
feeders are not considered as congestion points. Fig. 3 provides
an overview of the field implementation. The main design choices
related to the market mechanism and network topology are pre-
sented in [31], defining the flexibility sources and congestion
points and quantifying the amount of expected congestion. This
is then further elaborated upon in an InterFlex project deliver-
able [37].

The LV (secondary) side of the transformer and all outgo-
ing LV feeders are equipped with measurement equipment. The
measurement equipment automatically sends 15-min averaged
measurement values of: voltage, current, active power, reactive
power, (bidirectional) energy throughput, and total harmonic
distortion to the DSO’s central database. Furthermore, the sur-
rounding substations, and the MV feeder are equipped with mea-
surement equipment, with a minimal dataset consisting of 15-
min averaged values of voltage, active power, reactive power, and
energy throughput. Additional information on the measurement
equipment can be found in [38,39].

Within the implementation, the operationalization of flexi-
bility for congestion management is handled by the so-called
grid management system, which follows a number of predefined
steps defined by [40]. These steps are aligned with the four
operationalization steps: data acquisition (or external inputs),
load forecasting, flexibility decision, and flexibility mechanism
interfacing (or messaging/interface with the flexibility aggregator
platform). Since the flexibility mechanism in place is based on
a (day-ahead) market, an additional step is undertaken, han-
dling the settlement and billing of the ordered and obtained
flexibility [40].

2 The local flexibility market will be extended with an intraday market in
he future.
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Fig. 3. Overview of the field implementation. The following abbreviations are used: DSO — distribution system operator, EVCPs — electric vehicle charge points,
ESS — battery energy storage system, PV — photovoltaic, HHs — households.
t

.2. Step 1. Data acquisition

The step data acquisition handles all necessary data and inputs
or the four-step approach. This data is made available for the
emaining steps, primarily the load forecast.

easurement data
For the Dutch subproject of the InterFlex program measure-

ent equipment is installed on the MV feeders, MV/LV trans-
ormers, and LV feeders. Two of the MV/LV transformers act as
ongestion points. The measurement equipment provides 15-min
veraged values of: voltage, current, active power, reactive power,
bidirectional) energy throughput, and total harmonic distortion.

etwork topology
As the load forecast will only forecast the inflexible loads (see

ection 3.3), and the flexible loads are forecasted based on aggre-
ator’s prognoses, information on the feeders and transformers to
hich the flexible sources are connected is needed. Furthermore,

n the context of a pilot this information can help to analyze
he results further. Therefore, regarding the network topology
he following information is available: rated power of the trans-
ormers, rated power of the feeders, number of connections per
eeder, type of connections per feeder, and flexibility locations
nd capacity. The types of connections per feeder and congestion
oint can be found in Fig. 3. The capacities are provided in
ection 4.1. A more in-depth explanation and discussion on the
emonstration setup and the test-cases can be found in [31].

rognosis
For each of the congestion points, the aggregators provide a

aily prognosis of the scheduling of the flexibility assets. One
rognosis is sent per aggregator per congestion point, and con-
ains information on the expected/scheduled load (power) during
ach of the next day’s 96 PTUs. Furthermore, sequence data is
dded, such that aggregators have the opportunity to update their
rognoses while ensuring the DSO always takes the most recent
ersion from the database. To ensure continuity in a pilot setting,
he prognosis of seven days before (same weekday) will be used
n the case no prognosis has been received in time by the DSO.
or future field implementations, an alternative solution needs to
e found for such contingency situation.

eather data
Weather data is obtained from a contracted party, providing

ourly measurements and predictions on: irradiation, tempera-
ure, probability of precipitation, wind speed, and wind direction.
he weather data is obtained through an FTP server, and imported
nto a database. Both the historical measurements and predictions
re saved. In the process, occasionally necessary datapoints are
issing. These are filled with data points from earlier forecasts
r timeslots. This is automatically done by a parser, developed
pecifically for the DSO responsible of the demonstrator. The
details of this parser can be found in [29], where three DSO-
specific implementations/tools are discussed (data pipelines and
parsers, load forecasting usable by the DSO, and data clustering
algorithms).

4.3. Step 2. Load forecasting

The (short-term) load forecast algorithm developed for the
field implementation is explained in high-level in [41], which
presents the forecasting model choice, explains which additional
features are added to the model, and evaluates the resulting
performance gain. The inputs of the forecasting algorithm come
from the ‘data acquisition’ step, described in Section 4.2. An in-
depth analysis and design choices are further elaborated upon
in the DSO-specific tool related to forecasting [29]. This section
will provide a concise overview of the implementation of this
load forecast algorithm and the integration of the load forecasting
algorithm in the operationalization framework.

As market parties are providing the DSO with day-ahead
prognoses of the scheduled loads of all flexibility sources, the
load forecast only consists of inflexible (residentially dominated)
loads. Small-scale PV integration is (implicitly) included in the
forecast. To this end, hourly measurements and forecasts of
total irradiance, temperature and precipitation are included in
the inputs. For the day-ahead market trading, a forecast with
15-min resolution for the next upcoming 48 h is provided. By
running the forecast every 15 min as a rolling-window forecast,
the same algorithm can be also used for an intraday market. The
training of the algorithm is done with a historical dataset of the
demonstration location containing approximately 3 months of
measurements and weather data. This historical set is constrained
by the available amount of data at the moment of algorithm
development. However, during the development of the algorithm,
an alternative (larger) dataset is used to verify the performance.
With this, we have verified the model’s performance with three
months of training data [41].

The load forecast algorithm uses time-series decomposition,
to transform the time-series signal into a decomposed signal,
consisting of a trend, daily pattern, weekly pattern, and residual
signal [41]. The Facebook Prophet library [42] is used for this
decomposition. After a forecast of the residual signal is made,
the decomposed signals are combined to get to the forecasted
time-series. [29] elaborates further on this procedure.

Besides decomposing the signal, a number of time- (e.g. day
of week, weekday/weekend) and weather-related (e.g. irradiance,
temperature) features is added to improve the forecast algo-
rithm.3 To be able to compare each feature, every feature is scaled
o a standardized scale based on the standard normal distribution

3 A complete overview of the features added to the forecasting algorithm can
be found in [41].
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(Eq. (2)), with x′
i as the standardized value, xi the original value,

µ the median (set at 0), and σ the standard deviation (set at
1). Cyclic and dummy features are already intrinsically scaled
([29] shows how the sine and cosine can be used to model cyclic
features).

x′
i =

xi − µ

σ
(2)

The time around which the peak load is expected to occur is the
same every day. Therefore, the models are trained based on a
weighed RMSE, giving the 15-min intervals around the time of
the peak load (i.e. 19:00 ± eight 15-min intervals) a weight of
50%, and the other 15-min intervals of the day the remaining 50%
weight. The model is then tuned to reach the minimal weighted
RMSE, following Eq. (1).

After comparing three different machine learning models (lin-
ear regression, extreme gradient boosting (XGBoost) regression,
and random forest regression), the XGBoost regression model
has been selected based on the best performance in terms of
weighted RMSE score (7.75).

The XGBoost regression model is evaluated in four variations:
(1) excluding weather input and without decomposition, (2) in-
cluding weather input and without decomposition, (3) excluding
weather input and with decomposition, and (4) including weather
input and with decomposition. Fig. 4 visualizes the RMSE for the
four variations in the error. Variation 4 has the best overall RMSE
performance, where all RMSE values are smaller than 18 [29],
which improves the RMSE with a difference of over 10 during
the afternoon hours.

Parallel to the expected transformer load profile, the proba-
bility of an overloading occurring is provided. This is done for
four boundaries: the probability of exceeding 100% transformer
loading, the probability of exceeding 130% transformer loading,
the probability of exceeding 100% transformer loading through
feed-in (generation), and the probability of exceeding 130% trans-
former loading through feed-in (generation). These probabilities
are determined based on the test-dataset and the forecasting
error.

4.4. Step 3. Decision-making

The decision-making model is the third step in the opera-
tionalization of flexibility for congestion management. It is im-
plemented in the context of the local flexibility market for the
Dutch InterFlex subproject. The primary input is the load forecast
in combination with the aggregator’s prognoses for the flexibility
sources behind a transformer. The decision-making model will
determine how much flexibility will be requested from the mar-
ket during each market trading interval (i.e. 15-min interval),
what the maximum price (per kWh) for obtaining flexibility is,
and what the sanction price (per kWh) for non-delivery will be.
The initial model is tailored to the day-ahead market, but can be
extended to a combined day-ahead and intraday market.

First, the amount of expected overloading is determined by
comparing the transformer’s forecasted load profile with the
rated power. For the time-intervals of the expected overload-
ing, the price of flexibility and sanction price of non-delivery is
determined.

Price of flexibility
The maximal price a DSO is willing to pay is determined by

two components, namely the cost of component lifetime reduc-
tion (i.e. for the MV/LV transformer) and the financial risk of an
outage. The sum of both costs is set as the DSO’s maximum price
of flexibility.

In order to determine the transformer lifetime reduction, an
additional input variable is needed: the outdoor temperature.
This is because the transformer lifetime reduction depends on the
insulation hot-spot temperature, which in turn is dependent on
the outdoor temperature. Insulation hot-spot temperatures up to
140 ◦C result in a lifetime reduction, while higher temperatures
permanently damage a transformer [43]. For practical reasons, it
is assumed that the insulation hot-spot temperature will not be
reached if transformers are temporarily overloaded up to 130%
(max. 2 h continuously).

Most distribution network transformers are oil-immersed. The
lifetime reduction can be related to the oil temperature, as shown
by [44]. A simplified lifetime reduction model, introduced by [30],
is adopted in the decision-making model. For the mathematics
of the lifetime reduction model, we refer to [30] (section 3.3.1).
The following constants are assumed [45]: rated power 630 kVA,
losses during load 5.1 kW, losses during no-load 0.53 kW, top oil
temperature 50 ◦C, top winding temperature 55 ◦C.

The simplified lifetime reduction model is used as input for the
total lifetime cost (TLC) method described by [30]. The TLC over
the lifetime of the transformer is computed, taking into account
purchase cost, economic lifetime and energy cost. Eqs. (3)–(5)
describe the TLC model, where CP is the purchase cost, CNL the no-
load loss cost, CLL the load loss cost, CTLC the total lifetime cost, Tlol
the total loss of life (the result of the lifetime reduction model),
Caging the aging cost, C rated

aging the aging cost at rated power, and Covl

the cost of lifetime reduction. C rated
aging is determined using Eq. (4),

ith the total loss of life Tlol for a rated transformer power as
load. The following constants are assumed [45]: purchase cost

ransformer e8000, Economic lifetime 40 year, electricity costs
DSO 0.032e/kWh.

CTLC = CP + CNL + CLL (3)

Caging = Tlol · CTLC (4)

Covl =

{
Caging − C rated

aging when Caging > C rated
aging

0 otherwise
(5)

Here, purchase cost, economic lifetime and energy cost are used
to compute the price of an overloading, in case no flexibility is
obtained. In the transformer loading regime of 100%–130% rated
power, this price determines the maximum price a DSO is willing
to pay for flexibility.

When the load of a transformer exceeds 130% of the rated
power for more than 30 min, the transformer risks getting per-
manently damaged. This results in a risk for a blackout in the
distribution network behind the transformer. DSOs have risk-
matrices, which can be used to identify the financial risk of a
blackout. This financial risk can in turn be used to determine
the price a DSO is willing to pay for flexibility to prevent such
blackout from occurring.

The financial risk of an outage is related to the customer
outage minutes as a result of an outage. According to the DSO
in the pilot area, an outage on MV/LV transformer level typically
takes 120 min to resolve, and a cost of e0.50 per customer
outage minute is assumed. This is e7.50 per customer per 15-min
interval. These costs are linearized between 130% and 200% rated
transformer loading (Fig. 5), to ensure a higher overloading has
a higher financial risk. The maximum price of e7.50 is set for a
transformer loading corresponding with 200% rated power.

The maximum (total) price of flexibility can now be deter-
mined by Eq. (6), where Pl is the transformer loading, Prated
the rated power of the transformer, Cflex the maximum cost of
flexibility, Covl the cost of lifetime reduction, and Crisk the financial
risk of a blackout.

Cflex =

⎧⎨⎩
0, if Pl ≤ Prated
Covl(Pl, T ), if Prated < Pl < 1.3 · Prated (6)

Covl(1.3 · Prated, T ) + Crisk(Pl, T ), if Pl ≥ 1.3 · Prated
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Fig. 4. XGBoost regression model performance for one of the two congestion points in the Dutch InterFlex demonstrator. For the afternoon hours, the RMSE improves
ith a difference of over 10, comparing the model including weather features and decomposition with the model excluding weather features and decomposition.
Fig. 5. Linearized financial risk of overloading.
Fig. 6. Cumulative probability function of difference between day-ahead market
nd (downward) imbalance market prices.

s the financial risk of overloading is based on an assumed value
er customer outage minute, a brief reflection on the sensitivity
f this value is in order. To this end, customer outage minute val-
es of e0.10, e0.25, e0.50, e0.75, and e0.90 are considered and
inearized. An overview of the costs per % overloading per connec-
ion, and the maximum costs at 200% overloading per connection
can be found in Table 1. Translating this to the market-prices
in EUR/MWh, for the transformer size used in this demonstrator
(630 kVA), this results in a price-sensitivity ranging from 0.79
to 7.54 EUR/MWh per customer. This results in approximately
an order magnitude difference. The result based on the assumed
customer outage minute cost of e0.50 is however in the same
order magnitude as the worst-case result.

Sanction price
Aggregators have the choice to trade with the market offering

the highest price. Therefore, the sanction price an aggregator has
to pay in case they do not deliver an agreed amount of flexibility
depends on the expected revenue on those other markets. For
this implementation, this is done based on the difference between
the prices on the day-ahead market and (downward) imbalance
market. The forecasted probability of overloading is used to set
a risk limit by comparing the forecasted probability with the
cumulative probability function of the difference between day-
ahead market and (downward) imbalance market prices (Fig. 6).
For this, the Dutch price distribution of 2018 is used, which can be
obtained through the transparency platform of ENTSO-E.4 Since
the implementation of a sanction price is made in the context
of a proof-of-concept, no further analysis on the (year-to-year)
sensitivity of the imbalance and day-ahead market prices has
been made.

4 https://transparency.entsoe.eu/.

https://transparency.entsoe.eu/


10 R. Fonteijn, P.H. Nguyen, J. Morren et al. / Sustainable Energy, Grids and Networks 23 (2020) 100378

t
l
t
r
d

t
u
c
s
s

n
a
d
W
n
D
t
i
s

t
a
t
t
t
a
i
P

5

i
m
t
m
i

5

w
i
i
t
p
p
O
w
s
i

Table 1
Sensitivity reflection customer outage minute assumption per PTU.
Cost customer outage minute e0.10 e0.25 e0.50 e0.75 e0.90

Cost per % overloading per connection e0.02 e0.05 e0.11 e0.16 e0.19
Cost at 200% overloading per connection e1.50 e3.75 e7.50 e11.25 e13.50
EUR/MWh per % per connection for 630 kVA transformer e0.79 e1.98 e4.37 e6.34 e7.54
4.5. Step 4. Flexibility market interfacing

The interface and communications/message interactions be-
ween DSO and the (explicit) local flexibility market is (on high-
evel) following the proposed structure by USEF [32]. This in-
erface can be described in four sub-steps: requesting flexibility,
eceiving flexibility offers, placing a flexibility order, and (after
elivery) settling.
Based on the requests the DSO sends to the market, aggrega-

ors return flexibility offers. These offers than have to be eval-
ated by the DSO, and the (most) suitable ones need to be
onfirmed. After the moment of delivery, the DSO and aggregator
ettle the delivered flexibility based on the set price and agreed
anction price, based on the methodology described in [40].
In the process, a few additions to USEF are made. USEF does

ot distinguish the certainty with which needed flexibility is
vailable, and implicitly assumes a sanction agreement for non-
elivery is agreed upon beforehand between DSO and aggregator.
ithin the implementation, the sanction price (and through that,
eeded certainty) is added to USEF, making this a variable the
SO and aggregator set for a particular flexibility order. Addi-
ionally, the DSO also provides the maximum price for which it
s willing to obtain flexibility. This prevents an aggregator from
ending offers that are too expensive [46].
Besides two cost components, the DSO adds another two at-

ributes to its communication with the market: the minimum
nd maximum power available. This is the difference between
he rated transformer power and the expected loading of the
ransformer, in both load and supply directions. This is expected
o reduce the number of iterations needed between aggregators
nd DSO, as by adding these two attributes the DSO makes it
mmediately clear how much capacity is available during each
TU [40].

. Results & discussion

This section will give a brief overview of the results of the
mplementation, with a focus on the forecasting and the decision-
aking model steps. The data obtained during the data acquisi-

ion is used as input data for this. The results of the decision-
aking model are then forwarded to the local flexibility market

n place, enabling the local flexibility market to respond to it.

.1. Step 1. Data acquisition

Regarding the data acquisition step, the primary concern
ithin the demonstrator is data quality. As already mentioned

n Section 4.2, parsers are necessary to fill the occasional gap
n the weather forecasting data. Furthermore, the dataset of
he measurements in the distribution network needs some data
rocessing. Of this dataset, up to 93% of the monthly (active
ower) data points are received and processed by the database.
f the received measurements, some timestamps are not aligned
ith the PTU times. Data processing therefore includes two
teps: realigning the measurement times with the PTU times, and
nterpolating missing values.
Some of the data points are missing due to a lack of redun-
dancy in the ICT platform used in the pilot. In a (critical) produc-
tion environment, the losses can therefore easily be reduced by
adding redundancy to the ICT systems.

5.2. Step 2. Load forecasting

The forecasting model is trained with a dataset from the In-
terFlex implementation. There is approximately 5 months’ worth
of training data. To account for seasonal variations, the algorithm
is further refined using an additional (larger) training set of an
alternative (comparable) location. In both cases, two-thirds of
the data is used as a test-set, while one-third of the data is
used as training-set. The algorithm then is used in the field
implementation and operated independently for a few months.

Two weeks (one for each transformer/congestion point) are
plotted to check whether the forecast keeps operating as ex-
pected. These plots can be found in Figs. 7 and 8. In general, it can
be observed that the pattern of the load forecast and measure-
ments are similar, however that the underestimated peak fore-
cast continue. For the proof-of-concept in the operationalization
steps of flexibility, this forecast is adequate. However, for future
implementations an improved algorithm should be developed
and implemented. When developing an improved algorithm, a
methodology to make the error minimization dependent on a
dynamic window, rather than a static moment in time could also
be included. This would enable the algorithm to anticipate shifts
in the time and duration of the on-peak hours, which in turn
improves the algorithms accuracy.

The algorithm provided furthermore has a strong focus on
residential loads. The behavior and accuracy of this model in non-
residential environments is not validated as of yet. Additionally,
this paper introduces the concept of forecasting error minimiza-
tion for the specific use case of congestion management. In the
current form, this is done based on a static on- and off-peak
timeslot, which works well in situations where the congestion
window of the day is known in advance. The results of the case-
specific implementation show the forecast algorithm is able to
predict the load’s pattern, enabling the decision-making model
to determine the flexibility need.

5.3. Step 3. Decision-making

The results of the decision-making model are split in two
parts. First, the decision-making model is simulated using a
month of historical load measurements, to show the value of
flexibility in relation to wholesale market prices during congested
periods. Then, forecast data from the implementation is used to
show the results from the situation in the field.

The simulation results of the behavior of the decision-making
model can be found in Figs. 9 and 10. Fig. 9 introduces the
load profile of August 2018 for one of the two transformers in
the Dutch InterFlex subproject. In this plot, the (virtual) rated
transformer capacity and the 130% rated transformer capacity are
added. This limit is set such that congestion problems can be
observed both in the range 100%–130% rated transformer capacity
and >130% rated transformer capacity. Fig. 10 then plots the
maximal price the DSO is willing to pay for flexibility in those
PTUs. Fig. 9 shows an overloading, at those peaks where the load
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Fig. 7. Load forecast of a week in June 2019, congestion point 1.
Fig. 8. Load forecast of a week in June 2019, congestion point 2.
Fig. 9. Transformer load profile for August 2018 (summer). Rated power
ransformer set at 100 kW.

rofile exceeds the rated transformer capacity. These prices are
caled to EUR/MWh, and compared to the (competing) wholesale
arket prices in the same timeslot.
Since the measurements are from a warm summer month,

nd the rated transformer capacity is scaled, the flexibility prices
re relatively high. As discussed in [45], this is partly driven
y the outdoor temperature dependence of the loss of life of a
ransformer. This also explains the differences in the maximal
rice of flexibility, for similar percentages of overloading.
From Fig. 10, it can be observed that in those overloading

ases of approximating or exceeding the 130% rated transformer
Fig. 10. Max price of flexibility [EUR/MWh] for the transformer overloading in
August 2018, in relation to the day-ahead market and imbalance market prices
at the time.

capacity, the maximal price of flexibility is significantly higher
than the prices on the wholesale markets. This implies that (as-
suming flexibility is available) the DSO is able to compete with
the wholesale market in those cases. In overloading cases around
the rated transformer capacity, the maximal price of flexibility
is on occasion lower than the price on the remaining markets.
In those cases, the DSO is likely unable to compete with the
wholesale markets. In such case, the DSO can choose to let an
overloading occur, at the price of transformer lifetime reduction.
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Fig. 11. Forecasted load profile (forecast of inflexible loads, prognosis of EV and
battery storage, and combination or total of both) for last week of June 2019
(summer). Rated power transformer set at 115 kW.

Fig. 12. Flexibility need for last week of June 2019 (summer).

Fig. 13. Max price of flexibility [EUR/MWh] for the transformer overloading in
June 2019, in relation to the day-ahead market and imbalance market prices at
the time. Rated transformer capacity is set at 115 kW.
Fig. 14. Max price of flexibility [EUR/MWh] for the transformer overloading in
June 2019, in relation to the day-ahead market and imbalance market prices at
the time. (Increased) rated transformer capacity is now set at 130 kW.

Results from the field implementation show the same. Fig. 11
shows the forecasted load for the last week of June 2019, in-
cluding prognosis of the flexibility sources. The (virtual) rated
transformer capacity is 115 kW. The flexibility need is presented
in Fig. 12, and the costs of the overloading are computed and
visualized in Fig. 13. Here it can be seen that for the relatively
large cases of overloading, the DSO is willing to pay a price
higher than the competing market prices. In the cases flexibility
is available, the aggregators in the field offered it to resolve the
congestion. In case the overloading would be relatively small, the
expected price the DSO is willing to pay is expected to no longer
compete with the wholesale market prices.

The virtual transformer capacity is now set at 130 kW, using
the same load forecast presented in Fig. 11. Since the transformer
capacity now increased, the amount of needed flexibility is less.
It can be expected that the price the DSO is willing to pay for
flexibility is now smaller, and the value of flexibility in competing
markets is expected to be closer to the DSO’s maximum price.
Running this as a simulation, Fig. 14 confirms this.

Currently, the decision-making model evaluates the (maxi-
mum) monetary value of flexibility based on two aspects: the
loss of life of a transformer and the DSO’s financial risk of a
blackout due to an overloading. This results in a value of flexibil-
ity, depending on the size and duration of the overloading. The
needed flexibility is then requested from the market, in which
the DSO competes with other market parties. When flexibility
is available, it is then obtained. All in all, the implementation
provides a proof-of-concept for the four operationalization steps.
The current implementation however only facilitates transform-
ers as congestion points. Future work should therefore investigate
options for determining loss of life costs on components other
than the transformer. This facilitates the usage of alternative
congestion points, such as the LV feeders, or the MV feeders.

5.4. Step 4. Flexibility market interfacing

The load forecasting and decision-making algorithms have
been implemented and integrated in the so-called grid manage-
ment system, with which the local DSO will automatically request
the necessary flexibility. To monitor the grid management sys-
tem, for the InterFlex subproject a case-specific implementation
is developed in an online portal. In this portal, the congestion
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Fig. 15. Screenshot of the grid management system’s online portal, showing an overview of the congestion points in the region and their respective status.
Fig. 16. Screenshot of the details of a specific congestion point. The amount of PTUs in which congestion occurs and the amount of PTUs in which congestion is
solved can be observed. On the right-hand side, the steps (messages) of the interactions with the market can be found.
points can be seen, including their status (the flexibility needs
and whether or not this needed flexibility is ordered). A screen-
shot can be found in Fig. 15, illustrating the specific situation
in the field. Naturally such monitoring system or portal can be
implemented and visualized differently and are case-specific.

Then, the details of each congestion point can be further
analyzed. Fig. 16 shows an example of a specific congestion point
in the InterFlex subproject’s implementation. In this figure it can
be seen how many PTUs have a congestion, in how much of
these PTUs flexibility is requested from the market, and whether
the congestion is then solved. Furthermore, the status of the
interactions and messages with the market can be found. Further
information in this system provides insights in the content of the
actual XML messages, and provides additional specification of the
exact amounts of overloading of the congested PTUs. The desired
information and its visualization can of course differ for other
implementations.

Analyzing the messages between the DSO’s market interface
and the aggregators in the period between August 1, 2019 and
September 30, 2019, we observed a total of 415 requests for
flexibility being sent to the aggregators. Of this, 204 requests are
on the first congestion point, and 211 requests on the second
(multiple congestions per day). Two aggregators are connected
to each congestion point. On the first congestion point 172 and
91 offers of flexibility have been made respectively by the two
aggregators. On the second congestion point, 192 and 89 offers
of flexibility have been made respectively. On the first congestion
point, the DSO obtained flexibility 134 times, of which 84 orders
are sent to aggregator 1, and 50 orders are sent to aggregator 2.
For the second congestion point, these amounts are 99 and 52
respectively.

A number of things can be noted from the message interac-
tions. First of all, the flexibility from EV amounts in 91 and 89
offers, and 50 and 52 orders made, for congestion points one and
two respectively. In the context of the demonstrator this can be
explained by the unpredictability of EV. Only a limited amount
of EV drivers participated in the pilot, and the charge points
were in a public area, primarily hosting EVs which parked only
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temporarily. This makes it hard to predict when, where, and for
how long an EV will be parked.

Secondly, out of the 204 and 211 respective flexibility re-
quests, the DSO only obtained flexibility in 134 and 151 cases.
This means not every congestion has been resolved by the mar-
ket. Without going into every individual message, this can be
explained by market prices being higher than the cost of a trans-
former’s lifetime reduction. Another explanation is flexibility be-
ing unavailable, thus aggregators not being able to respond to
the DSO’s request for flexibility. Furthermore, aggregators might
intend to shift their load to another timeslot, causing a new
congestion elsewhere in the day. In such case, the DSO might
choose to let the initial congestion occur.

In the context of this pilot, the lack of available flexibility
does not lead to any issues in the network. However, when
implementing a market like the one in this demonstrator in an
actual congestion-case, DSOs should ensure sufficient flexibility
is available, especially when exceeding the limit of 130% rated
transformer power.

6. Conclusions

This paper introduces a four-step method to operationalize the
DSO’s decision to obtain flexibility in order to mitigate network
congestion. The four steps and their relations are defined in a
generic and scalable manner, enabling alternative algorithms and
models for all steps individually. An algorithm is provided for
the forecasting and decision-making. The decision-making model
evaluates the (maximum) monetary value of flexibility based
on two aspects: the loss of life of a transformer and the DSO’s
financial risk of a blackout due to an overloading. A case-specific
implementation is presented as an illustration, providing a proof-
of-concept for the four operationalization steps. The results of this
implementation show the forecast algorithm is able to predict
the load’s pattern, enabling the decision-making model to put a
monetary value on the required flexibility. This value is, depend-
ing on the size of the overloading, competing with the flexibility
markets, and enables the DSO to obtain the needed flexibility
when available. All in all, the implementation provides a proof-of-
concept for the four operationalization steps. Several hundreds of
flexibility requests have been sent to the market over a period of
a few months. The market has however not been able to answer
all of those.

Next steps in extending this operationalization approach
would include an analysis of possible alternative forecasting and
decision-making models, and mapping the accuracy, computa-
tional intensity, complexity, and input data dependence of these
alternatives. This not only provides DSOs with the tools to get to
an operational decision, but also enables them to do this with
a tailored model for their own needs. Additionally, an analy-
sis of the framework’s application potential beyond congestion
management should be considered.
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