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Abstract: The role of the distribution system operator (DSO) is evolving with the increasing
possibilities of demand management and flexibility. Rather than implementing conventional
approaches to mitigate network congestions, such as upgrading existing assets, demand flexibility
services have been gaining much attention lately as a solution to defer the need for network
reinforcements. In this paper, a framework for a decentralized local market that enables flexibility
services trading at the distribution level is introduced. This market operates on two timeframes,
day-ahead and real-time and it allows the DSO to procure flexibility services which can help in its
congestion management process. The contribution of this work lies in considering the uncertainty
of demand during the day-ahead period. As a result, we introduce a probabilistic process that
supports the DSO in assessing the true need of obtaining flexibility services based on the probability
of congestion occurrence in the following day of operation. Besides being able to procure firm
flexibility for high probable congestions, a new option is introduced, called the right-to-use option,
which enables the DSO to reserve a specific amount of flexibility, to be called upon later if necessary,
for congestions that have medium probabilities of taking place. In addition, a real-time market for
flexibility trading is presented, which allows the DSO to procure flexibility services for unforeseen
congestions with short notice. Also, the effect of the penetration level of flexibility on the DSO’s total
cost is discussed and assessed. Finally, a case study is carried out for a real distribution network
feeder in Spain to illustrate the impact of the proposed flexibility framework on the DSO’s congestion
management process.

Keywords: aggregators; demand flexibility; flexibility market; payback effect; uncertainty

1. Introduction

In the past decades, market operators have been implementing demand response (DR) programs
in a straightforward fashion. For example, by using time-of-use (TOU) tariffs, commonly used in
France, Spain, Germany and Italy [1,2], where energy prices are designed to be expensive during
on-peak periods and low-cost at off-peak periods. In this way, customers can plan their activities
accordingly in order to save money. In addition, utilities can avoid upgrading their own networks
to accommodate infrequently used peak capacities. Other type of DR programs, namely critical
peak pricing, only introduce price signals when grid reliability is compromised and a reduction
in energy consumption is necessary [3,4]. Now, a new era of technology, artificial intelligence and
the so-called “internet of things.” have provided new ways to explore the full potential of demand
response, by allowing to alter loads in a much more dynamic and precise manner, thus optimizing
the operation of grid assets. This paper focuses on what is called demand flexibility or demand-side
flexibility programs, which can be of value to power utilities in several areas, one of which is congestion
management. Demand flexibility programs are usually offered to large customers, such as industrial
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facilities. Small customers, like households, are able to participate as well, as they are an efficient source
for flexibility [5] but they need third parties, for example, aggregators, to collect their flexibility and
represent them in flexibility markets [6,7]. Even though the potential of demand response in Europe is
significant and it can reach hourly values between 61 GW and 172 GW [8], only a few countries and
operators are highly involved in the framework of demand flexibility development. According to the
report published by the Smart Energy Demand Coalition (SEDC) in 2017 [9], the leading countries in
the EU stimulating the development of demand flexibility and having commercially active markets are
such as Switzerland, France, Belgium and Great Britain [10].

The penetration of demand flexibility in the current electricity market structure can take many
forms [11]. One of such is through connection agreements, which provides limited access to the
involved parties, such as generators or consumers, when the network is suffering from a contingency.
Another way for flexibility acquisition can be through market-based solutions which can deliver
cost-efficient flexibility services for several market agents by facilitating competition between different
flexibility providers. Market mechanisms are considered by policy makers as the optimal solution for
flexibility access. Recent studies have been paying more attention to them to promote for demand
flexibility services but there are several factors that can affect the efficiency of such solution and ought
to be assessed.

1.1. Research Gaps

Flexibility services are intended to help several market agents, such as transmission system
operators (TSOs), distribution system operators (DSOs) and balance responsible parties (BRPs),
in their portfolio optimization, balancing services or constraint management services [12]. Therefore,
the introduction of demand flexibility in a market-based solution requires considering the grid power
flow constraints. Modelling such constraints can be problematic due to its complexity, especially for
large networks. However, an efficient market design should consider them in order to model the
real behaviour of energy flows and voltage levels in distribution networks. DSOs, being the primary
flexibility buyer, should not engage in any flexibility trading process without making sure the activated
demand flexibility will solve the intended congestion. Another factor that usually accompanies the
provision of demand flexibility services is the payback effect [13], where the flexible load shifted
from one point in time to another may cause another congestion in the grid. The payback effect is
an important factor to consider as it can influence the process of flexibility service activation. As a
potential buyer, the DSO must know beforehand the conditions of the payback energy, such as the
time when the consumers need the energy back. Based on such conditions, the DSO may be inclined
to choose flexibility from other consumers with payback conditions more suitable and aligned to the
network needs. The inter-temporal characteristic of the payback effect may be complex to model and it
was neglected in several studies. However, it is essential to consider it in order to present a realistic
model of a flexibility market. Another issue that is not covered in literature is the complementary
trading processes that should take place in order to ensure the complete trading of demand flexibility.
It should be noted that demand flexibility trading is not a single process of buying and selling between
the DSO and the consumers. For example, if the DSO procures demand flexibility in the day-ahead
period, there will be energy differences arising between the energy already bought by the aggregator in
the wholesale electricity market and the adjusted new load profile after clearing the flexibility market.
In addition, the payback energy that is needed by the consumers must be procured by the aggregator.
All of these processes have been rarely mentioned in literature and should be well incorporated within
the decision-making process of the flexibility activation. Moreover, most literature usually address the
day-ahead scheduling of demand flexibility services without taking into account the uncertainty of
demand. The effect of such uncertainty should be taken into consideration to increase the efficiency of
the trading process and decrease the DSO’s potential financial losses that may be incurred as a result
of purchasing either more or less than the actual required flexibility. Therefore, flexibility services
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dispatched in the day-ahead time frame require complementary markets that allow the involved
agents to correct their portfolios.

1.2. Literature Review

There have been many proposals and diverse approaches for market structures in literature
regarding demand flexibility management and procurement. One of the recent significant contributions
is the work presented in [14], where a framework for demand response utilization that follows a
decentralized approach was proposed. That framework considers the grid operation constraints, but the
payback effect and the uncertainty of generation and load profiles were left out of the model. Another
decentralized approach for managing demand flexibility services in the distribution network was
proposed in [15], which lacked the introduction of the payback effect, grid constraints and uncertainty.
A local flexibility market dedicated to solve low voltage grid contingencies was proposed in [16]. In this
market, the DSO receives flexibility bids (amounts and prices) based on the future grid problems
forecasts. However, the market is cleared based on the offered prices only, without considering the
technical impact of the bids cleared or the payback effect. In [17], an algorithm that optimizes the
scheduling of flexible devices in the day-ahead and intra-day timeframes was proposed. The flexibility
services modelled are aimed to serve other market agents such as BRPs or DSOs. Despite the valuable
contribution of considering the uncertainty of flexible loads, the work does not consider the payback
effect nor the grid constraints in the optimization process. A detailed framework for demand flexibility
modelling is introduced in [18], which as well does not consider the payback effect. In [19], a framework
for flexibility trading is introduced that works on two-time frame levels. First, using day-ahead and
intra-day markets operated by a local flexibility operator, the model optimizes their energy portfolios
for the coming day. Secondly, on a real-time basis, the model integrates a set of control actions that are
determined by the DSO to resolve a network congestion if one occurs at real-time. However, the work
presented does not consider the grid constraints, the payback effect and the uncertainty of demand.
Other real-time electricity markets dedicated to flexibility services transactions in the distribution level
can be found in [20,21]. Further market mechanisms proposed in literature can be found in [22–27].
Table 1 presents a summary for the research studies addressed with respect to the research gaps that
were mentioned in Section 1.1.

Table 1. Summary for literature with respect to research gaps.

Ref The Payback
Effect

The Grid
Constraints

Complementary
Trading Processes

Uncertainty of
Demand

[17] × × √ √

[18] × × × √

[19] × × × ×
[20,21] × × × ×

[22] × × × ×
[23,24] × × × ×

[25] × × × ×
[26,27] × × × ×

1.3. Contribution

This paper proposes a framework for a decentralized market platform for demand flexibility
trading. The main objective of this market is to provide the DSO with flexibility services to mitigate
forecasted network congestions. The research gaps mentioned in Section 1.2 are covered by the
proposed model by considering:

• The payback effect within the market design to ensure that the activated demand flexibility will
solve the intended congestion and not lead to further network congestions during other hours of
the day;
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• Network constraints within the decision-making process of flexibility procurement;
• Energy variation and imbalances within the wholesale electricity market as a result of demand

adjustments to provide flexibility; and
• Uncertainty in demand to eliminate the risk of DSOs over- or under-procuring flexibility services.

The proposed market works on two timeframes, day-ahead and real-time. The function of
the day-ahead market is to allow the DSO to avoid expected network congestions that have high
probabilities of taking place on the following day of operation. The real-time market is dedicated for
unexpected or unplanned network congestions. Moreover, a new flexibility option is introduced in the
proposed model, called the Right-to-Use (RtU) option, that allows the DSO to reserve a specific amount
of demand flexibility in the day-ahead flexibility market for uncertain congestions. The advantage of
this option is that it prevents the DSO from definite procurement of firm flexibility for congestions
with low probabilities of occurrence. Moreover, the option can be called upon during the real-time
operation if such congestions take place. Also, the paper discusses the effect of different flexibility
penetration levels in the distribution grid. The flexibility penetration level refers to the available
amount of flexibility that can be used in the market.

The paper is organized as follows: Section 2 provides a summary on demand flexibility and its
potential providers and buyers; Section 3 presents a detailed description for the flexibility market
framework and the trading processes carried out in the market; Section 4 models the optimization
processes carried out in the proposed flexibility framework; in Section 5, a case study is carried out
to illustrate how the markets work and the processes involved within. Finally, Section 6 concludes
the paper.

2. Demand Flexibility

Flexibility in power systems corresponds to the ability of modifying the profiles of supply and/or
demand in an adequate and reliable way in response to external market signals [28,29]. The flexibility
addressed in this study is the flexibility of demand and it can be affected by the type of customer
and nature of flexible load involved [30]. While there are several attributes that can describe demand
flexibility, the main criteria of interest to this paper are described as follows:

• Location: Flexibility is traded at the distribution-level of the grid.
• Purpose: The objective is congestion management at the distribution network.
• Direction: While flexibility can either take the form of load reduction or load increase, this paper

focuses on the load reduction flexibility.
• Duration: Flexibility is scheduled and dispatched on hourly basis.
• The payback effect derived from the flexibility activation is taken into consideration.

2.1. The Need for Demand Flexibility

At the moment, flexibility services are already being used by TSOs as a balancing tool. In a
similar way, in the day-to-day operation, demand flexibility can be a valuable tool to help DSOs
enhance the operation at the distribution level and provide assistance in the congestion management
process. Demand side flexibility corresponding to load reduction volumes can offer DSOs a fast and
efficient way to overcome common network constraints such as overloaded lines [31,32]. In addition,
on the long-term planning period, demand flexibility can be a reason to postpone or eliminate the
need for upgrading the size of the network. It has been advised by many regulators [33–35] that
considering demand flexibility in the network planning process can be very beneficial, as it decreases
the forecasted peaks, which decreases the capital expenditure needed for network upgrading [36].
Another positive impact of demand flexibility is towards the challenges faced by distribution networks
with large-scale penetration of renewable energy resources (RES). While the environmental benefits
of these RES are important in decreasing the greenhouse gas emissions, their intermittent behaviour
imposes operational challenges on system operators. Since their production rates are nature-dependent,
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the prediction accuracy is limited. Therefore, at times of excess of generation, the system voltage levels
can peak over the allowable limits, which can jeopardize the system operation causing outages. In such
cases, demand flexibility can be of great value to system operators, where flexibility bids taking the
form of load increase volumes can provide an efficient solution to accommodate the unplanned increase
in RES generation. This kind of flexibility can allow system operators to better manage the uncertain
behaviour of RES. To summarize, demand flexibility allows the DSO to manage grid congestions by
avoiding demand peaks. This can possibly lead to deferring the need for network reinforcements [37],
decreasing the total capital and operation expenditures of distribution networks [38]. In addition,
demand flexibility provides more resources to manage the requirements of the increasingly high
penetration of DERs based on RES.

2.2. The Payback Effect

One of the key aspects of demand flexibility that is not commonly addressed in literature is the
payback effect. Demand flexibility, in its simplest form, is a process of load shifting or, in some cases,
load shedding. Load shifting entails that a certain load is moved from one point in time to another
to achieve better prices and to fill valleys, thus avoiding peaks. This shifting of energy can produce
further problems in the grid if not considered properly. Take for example the load profile in Figure 1,
the load decrease at the beginning of the day is recovered by the customer later producing another
congestion in the grid. This is referred to as the payback effect [39,40]. Considering the payback effect
of demand flexibility is important for the DSO to avoid possible subsequent problems in the network.
However, it adds further complexities to the task of the DSO. In order to clearly model the impact of the
payback effect resulting from demand flexibility, a proposal for defining the payback effect conditions
is given. These conditions define the payback effect based on the amount of power needed by the
customer and the hour when it should be provided at, which can be defined as the payback power
and payback hour respectively. Customers may have different payback conditions depending on the
type and nature of the load providing the flexibility. The customers’ preferences on receiving their
payback power have been discussed previously in [8,13,41]. Here, the possible customers’ preferences
regarding the payback conditions are illustrated and defined in Table 2. These preferences should be
provided by the customers.
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Table 2. Payback conditions.

Payback Conditions Type Description

Payback Hour

CondH1 Payback power must be on following hour of flexibility activation.
CondH2 Payback power is in between a predefined time interval (before or after flexibility activation).
CondH3 Payback power can be at any hour during the day.
CondH4 Payback power is not needed.

Payback Power
CondP1 Payback power is equal to the flexibility activated.
CondP2 Payback power is a factor of the flexibility activated.
CondP3 Payback power is not needed.
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2.3. Demand Flexibility Providers

Demand flexibility can be considered as a new source of revenue for customers willing to
participate in such programs. Due to the limited resources of end-user customers, their participation
in flexibility programs becomes considerably challenging and complex. To facilitate their participation,
customers can use the services of an aggregator. Aggregators can be defined as an intermediary
business entity between their affiliated customers on the one hand and the grid company, or their
energy retailer, on the other hand [42–45]. Their main task is to collect and aggregate the flexibility
from their affiliated customers and trade this flexibility in electricity markets considering their and
the customers’ best interest. One of the several benefits of aggregation is that it can increase the
reliability of demand flexibility services and facilitate their penetration [46,47]. In addition, aggregation
services encourage consumers to participate in such flexibility programs as they remove from them
the complexities associated with electricity market participation.

Aggregators, being the responsible parties of collecting and presenting the flexibility of the
consumers, can be thought of as flexibility providers. However, the main source of demand flexibility
are the consumers, or prosumers in case they are DER owners. The contractual relationship between
the aggregator and the consumers are important in the process of demand flexibility transaction. Such
contracts can take many forms based on the type of sector the consumer belong to, the risk level such
consumers are willing to take and the duration of the contract, which can vary starting from one month
or less and up to several years [45,48]. In this paper, the different types of contracts that may take place
between both parties are not addressed. However, the basic information that should be present in such
contracts is the type of flexibility that consumers can offer, the bases on which financial incentives
are awarded to the customer, the list of flexible loads involved that can provide flexibility and the
preference for the payback conditions.

The ability of customers to participate in the demand flexibility programs is dependent on the
sector they belong to and the type of loads involved. The European Committee for Electro-technical
Standardization (CENELEC) [49] has categorized demand loads to uncontrollable, curtailable and
shiftable loads. While uncontrollable loads are not capable of providing flexibility [50], curtailable
loads can offer demand flexibility without the need of any kind of payback conditions. Shiftable
loads, on the other hand, can be moved at any time during the day, which means their payback
conditions must be met. From the industrial sector, energy intensive industries such as aluminium
production, copper refinement and zinc production [51] are considered as curtailable loads, in addition
to steelmaking in electric arc furnaces and the chloralkali process [52,53]. Other types of industrial
factories, such as mechanical wood pulp production and paper machines, are considered shiftable
loads. In the tertiary sector, the potential of demand flexibility comes from large-scale commercial
loads relying on cooling and heating of water and ventilation [54]. The advantages of such loads
are that they constitute a huge portion of the total load of the commercial site and they are mostly
controlled with energy management systems, which makes it easier to implement flexibility control
actions [55].

Another potential source for demand flexibility is the residential sector. Common controllable
loads that are eligible for offering flexibility are such as refrigeration appliances, cooling & heating
appliances and washing appliances. Cooling and heating appliances, as well as refrigeration appliances,
can be considered as curtailable and shiftable at the same time. The thermal storage property of such
appliances can prevent temperatures from falling drastically if loads are curtailed for short periods of
time. Thus, payback power may not be needed. However, for longer periods, temperatures may be
affected, in which case payback power can be required [56,57]. It should be noted that the coefficient
of performance (COP) of thermal storage-based appliances can be affected largely by the payback
conditions, especially by the time variable element, which is the payback hour [58,59]. In addition to
the common household loads, electric vehicles (EVs) have been gaining attention as potential source
of flexibility. EVs participation in the framework of distribution-level flexibility is inevitable due to
their electric storage properties and versatilities. EVs can be considered as shiftable loads [60,61],
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as the energy required for flexibility, whether increasing or decreasing, must be moved to another time
during the day. One of the relative new concepts in the framework of EVs is vehicle-to-grid (V2G)
interaction [62,63]. Under the V2G concept, EVs can become active players in network operation by
becoming distributed energy resources (DER).

2.4. Demand Flexibility Buyers

Demand flexibility can be an interesting commodity to several market agents, such as DSOs and
TSOs. DSOs have the task of managing the network operation and electricity delivery to end-user
customers. In addition, DSOs are responsible for the future planning of their own networks, which
may need maintaining or upgrading depending on the demand growth. The current challenge faced
by the DSOs is how to confront the future changes in electricity demand. Such changes are due to
the growing technological advancements of all sorts of devices, which are dependent on electricity.
In addition to this, the wide penetration of decentralized electricity production, usually based on
RES, is also contributing in changing the consumers’ behaviour. Furthermore, the rise of electric
vehicles is exerting pressure on distribution networks to accommodate their charging requirements.
As opposed to network reinforcements, demand flexibility can relief the pressure of recurring demand
peaks in the grid. DSOs can use the flexibility of the demand-side in shifting the demand from peak to
valley hours. In addition, demand flexibility can be used as a solution tool in the DSOs’ congestion
management process.

A key factor to ensure the success of flexibility is having efficient coordination between the DSO
and TSO. Such coordination and information exchange between both parties regarding flexibility
activations is essential to avoid needles flexibility requirements, which can lead to further grid
problems [64]. As suggested in [30], this coordination can be done by communicating the flexibility
offers to the DSO in advance, in order to discard those offers that can create local congestions in
the distribution network, or through assigning the task of demand flexibility management to the
DSO like a technical virtual power plant. The work carried out in this paper does not require a
dedicated communication channel between the TSO and DSO, as the expected information exchange
will be minimal.

3. Framework for Demand Flexibility

One of the key challenges that may be delaying the deployment of demand flexibility is the lack
of an efficient market design that promotes and optimizes its usage. To exploit the full potential of
demand flexibility, a modern market platform is required to have clear product definition, appropriate
price signals that can benefit all market participants, more participants to increase the competition level
and to have shorter trading intervals closer to real time with appropriate bidding mechanisms [65].
Moreover, the market mechanism must coordinate with other electricity markets, which means
flexibility activations should not have negative impacts on other markets or players [11]. As suggested
in the European-based project SmartNet [66], there is a true need of having a local market for flexible
resources that can work in coordination between the DSO and the aggregators for the provision of
demand flexibility.

In light of the aforementioned, a comprehensive framework for a decentralized market for
the provision of demand flexibility services at the distribution-level grid, called Flex-DLM, will be
implemented in this section. This market was first proposed in [67] to enable the trading of flexibility
between flexibility providers (aggregators on behalf of customers) and flexibility buyers (DSOs).
The objective here is to build on the previously proposed framework and to further enhance its
operational structure, while considering the uncertainty of demand and introducing a new timeframe
for operation during the real-time period. Following the decentralization trend in energy markets,
the Flex-DLM follows a decentralized approach, which means that several markets can exist for
different areas in the distribution network. The decentralized architecture is necessary since the
congestions addressed are local. In this section, the features and products of the Flex-DLM will
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be explained, the architecture of the whole framework will be thoroughly discussed regarding two
different time periods (day-ahead and real-time) and the trading processes involved in the framework
will be addressed. The objective of the framework, including the new contributions of this paper,
can be summarized as follows:

• Optimally manage the flexibility procurement process between the involved parties, that is, DSO
and aggregators.

• Provide an efficient service to the DSO that allows it to mitigate network congestion at the
distribution level.

• Consider the uncertainty of congestion occurrence and prevent the DSO from procuring unneeded
flexibility in the day-ahead timeframe.

• Introduce a new option for reserving demand flexibility for network congestions that have
medium probabilities of occurring.

• Implement a flexibility market operating in the real-time frame to reduce the effect of forecast
errors during operation.

3.1. Flex-DLM Features and Products

According to [68], the main aspects that can describe any electricity market concern the temporal,
spatial, contractual and price-clearing criteria. For the temporal dimension, the proposed Flex-DLM
operates in the day-ahead (DA) and real-time (RT) timeframes. The spatial dimension refers to the
geographical area for which electricity is contracted and prices are settled. Here, the Flex-DLM
operator carries out a market-based optimization considering the technical and locational constraints.
The contractual aspect of the market follows a power exchange trading, which is an organized
platform that allow buyers and sellers to voluntary participate. Finally, the price-clearing dimension,
in which case the Flex-DLM follows a pay-as-bid structure, where activated market participants receive
payments equal to their nominated price in the bids, similar to congestions markets.

As previously mentioned, demand flexibility services can either take the direction of load
reduction or load increase volumes. These types of products are often named up-regulation and
down-regulation flexibility, respectively [67]. The name is inspired by the way regulation volumes
are defined in balancing markets, where up-regulation corresponds to less consumption or more
generation and down-regulation corresponds to more consumption or less generation [69,70]. The main
product offered in the Flex-DLM (DA or RT) corresponds to load reduction volumes, or up-regulation
flexibility, which then take the form of flexibility bids aggregated and submitted from the aggregator.
This flexibility product can be sold by two means, it can either be effectively bought (firm flexibility),
which means payment is transacted upon market clearing, or it can be reserved by a new option
introduced in the market called the Right-to-Use (RtU) option. The RtU option allows the DSO to pay a
reservation fee to hold a specific amount of flexibility that can be activated upon request from the DSO
at a later time. If such option is finally activated, the cost of the service can be transacted. This option
can be useful when the DSO is not certain about the amount of flexibility it may need for a specific
congestion or if the probability of the congestion taking place is low, for example due to uncertainty in
demand consumption. The flexibility bids modelled are an aggregation of several customers per node
at the medium voltage level. For a particular node n and a trading period time t, a typical flexibility bid
consists of a number of flexibility blocks Nb

t , where every block k has an individual amount of available
flexibility Fmax

n,k,t, with the corresponding flexibility price λn,k,t, the RtU reservation fee λRtU
n,k,t, and, finally,

the payback conditions (payback hour and payback power). Figure 2 illustrates an example for an
aggregated flexibility bid consisting of three blocks, with the flexibility quantities, prices and payback
conditions. Note that the flexibility prices should be ordered in a non-decreasing manner.
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3.2. Flex-DLM Architecture

The architecture of the proposed flexibility markets and the market agents are illustrated in
Figure 3 along the timeline of day-ahead up to real-time operation. The market agents involved are the
customers; the aggregator; the energy market operator, who is responsible for clearing the day-ahead
market; then the flexibility market operator, responsible for clearing the Flex-DLM; and, finally, the DSO,
who is the operator of the distribution grid. In the framework of the Flex-DLM, the role of energy
retailing and balancing is assigned to the aggregator. Thus, in the day-ahead timeframe, the aggregator
participates in the wholesale market to purchase the required energy for its customers. Once the energy
market operator clears the market, the provisional market schedule is sent to the DSO for technical
validation. If the DSO’s validation process (black blocks in Figure 3) of the day-ahead market solution
showed either one or several expected network constraints on the following day, a flexibility call is
activated and the DA Flex-DLM commences. In response, aggregators present their flexibility bids and
the flexibility market operator clears the market to solve the network constraints. As suggested in the
SmartNet project [66], the role of the Flex-DLM operator can be assigned to the DSO, who can clear
the market considering all the technical constraints and flexible bid prices to obtain the most economic
outcome. The flexibility obtained from the DA Flex-DLM must ensure a safe mode of operation in the
day-ahead timeframe.

As suggested from the real-life experiment carried out by the Universal Smart Energy Framework
(USEF) [71], one of the common reasons for failing to mitigate network congestions are the unforeseen
congestions during the day-ahead trading, which occur due to errors in forecast or changes in the
consumption behaviour of customers. Such unexpected congestions can jeopardize the operation of the
network. Therefore, more markets should exist with up-to-date information in order to accommodate
better forecasting profiles. In the proposed framework, a RT Flex-DLM is proposed to be available
in the real-time operation to allow the DSO to mitigate such congestions. In this market, the DSO
may need more flexibility than what was already purchased in the DA timeframe, or it may require
flexibility for congestions that were not considered previously. The existence of a RT Flex-DLM reduces
the problems arising from the forecast errors of load and generation and it decreases the effect of
sudden network contingencies. The description of the processes in every market is given in the
following subsections.
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3.2.1. DA Flex-DLM

The DA Flex-DLM is a market dedicated for prior purchase of flexibility services for congestions
occurring in the following day of operation. Usually, the coming day network congestions are
determined after the energy market operator sends the provisional market solution to the DSO for
technical assessment. In this validation process, the DSO carries out a Power Flow (PF) analysis to
ensure that the wholesale market solution is technically feasible with respect to its network. In the DA
Flex-DLM, the validation process (coloured in black in Figure 3) carries out a congestion probability
assessment after the PF analysis. It is common for the DSO in distribution grids to carry out short-term
forecast for load and generation to assess the possible congestions that can take place in the following
hours. Short-term forecasts are available from a variety of sources and there is a well-established
state of the art about these techniques, which give rather accurate results when aggregated values are
determined for the whole system. In distribution grids, however, this accuracy is lower because the
aggregation level of consumers is smaller and hence the so-called portfolio effect (the cancellation of
random prediction errors produced when a large number of consumers are considered) does not take
place. Thus, the level of uncertainty that any DSO must face is larger than, for instance, the TSO of a
power system. Load forecasting in the distribution systems is an evolving research area [72] and there
are several contributions in literature regarding this matter with variable error values. For example,
according to [73], the average Mean Absolute Percentage Error (MAPE) achieved across all MV/LV
substations in the network for 24 h-ahead forecasting was 8.27%. In [74], the MAPE was found to be
3.30% for the aggregated load but 8.70% and 27.79% in average for individual residential loads and
industrial loads, respectively.

Congestion forecasting in distribution grid feeders is subject to sizeable errors and a probabilistic
analysis may help to select those congestions with a high probability, discard those of low probability
and be aware of those with medium probability of occurrence. Thus, a probabilistic forecast for the
net consumption is necessary. But, even though forecasting may be available at this aggregation
level, predictions are usually deterministic (i.e., a single value is determined). Probabilistic forecasting
gives not just a single value but the confidence intervals of such predictions. By using historical data
and forecasting tools, or through forecasting agencies, we would assume that the DSO has access
to the results of probabilistic forecasts for the coming day. The proposed analysis method and the
market model are based on this assumption. Then, the DSO can calculate the probability of congestion
occurrence for every hour in the following day. The main advantage of this probabilistic assessment
is that it makes sure there is a valid need for calling for the DA Flex-DLM. Due to forecasting errors
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or unfair behaviour of market agents in the wholesale market, the resulting market solution may
have certain inaccuracies, which can make the DSO overestimate the congestions of the coming day,
thus buying unnecessary amounts of demand flexibility. In the probabilistic assessment, the overall
probability of congestion occurrence for every hour t during the next day can be calculated as in (1),
where Sct is a binary variable that corresponds to 1 if a congestion takes place at hour t and 0 otherwise
and NSc is the total number of scenarios generated. Based on the output of the probabilistic assessment,
the DSO divides the space of probabilities into three groups using two levels of probabilities ρmax and
ρmin, as seen in Figure 4. The congestion groups are: (1) congestions with very high probabilities of
happening (above the maximum level) are considered almost certain to take place, (2) congestions
that have medium probabilities (between both levels) are considered unsure to take place and (3)
congestions that are less likely to happen (probability below the minimum level) and can be neglected.
Based on the level of risk the DSO is willing to take, these levels can vary and so as the amount of
flexibility traded in the DA Flex-DLM.

ρt =
∑NSc

x=1 Sct,x

NSc
t = 1, 2, 3, . . . , 24 (1)
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With respect to the network congestions expected to take place in the following day, the DSO has
two sets of information. The first set is based on the findings of the wholesale market solution, which
will be referred to as the market solution assessment (MSA). The second set comes from the findings
of the probabilistic forecasting assessment (PFA). Before calling for the DA Flex-DLM, the DSO must
analyse both sets of information in order to choose the best strategy to buy the necessary flexibility.
One of these strategies is given, as an example, in Table 3, for a specific hour t. If the MSA and PFA
indicate that a congestion can be expected at this hour with a high probability of occurrence, then the
DSO can procure firm flexibility services in the DA Flex-DLM. Other possibilities may as well exist,
for example if the MSA does not indicate a congestion, while the PFA shows a high probability of
congestion occurrence, then the DSO can take advantage of the RtU option. In a similar way, the DSO
can also use the RtU option if the PFA shows a congestion with a medium probability, even if the MSA
indicates a congestion at that h. The RtU option is also used if the congestion has a low probability of
occurrence according to the PFA. If neither of MSA and PFA show a congestion at hour t, the DSO can
follow the approach of “wait-and-see” and may call for the real-time Flex-DLM if an unplanned or
unexpected congestion takes place later. It should be remarked that the DSO’s strategy is not restricted
to what is given in Table 3; more scenarios may exist, and different actions can be taken according to
the level of risk the DSO is willing to take.
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Table 3. Possible DSO’s strategy for buying flexibility services in the DA Flex-DLM.

Indicator
MSA

Congestion No Congestion

PFA
Sure congestion (ρt > ρmax) Firm flexibility RtU option

Unsure congestion
(

ρmin ≤ ρt ≤ ρmax
)

RtU option RtU option

No Congestion (ρt < ρmin) RtU option “wait-and-see”

After the DSO identifies the hours with the highest probabilities for congestion occurrence, it can
call for the DA Flex-DLM to purchase the required flexibility. After the flexibility call is initiated,
aggregators prepare their flexibility bids and the flexibility market operator, which is the DSO, clears the
market. The DSO’s objective when clearing the DA Flex-DLM is twofold: first, it must optimize the cost
of procuring the flexibility, while making sure that the network congestion is avoided; second, it must
ensure that the payback effect of the activated flexibility will not cause further network constraints.
Both objectives are achieved by running multiple Power Flow (PF) based analysis, considering the
intertemporal constraints derived from the payback effect, to ensure an overall safe operation for the
network. Since the operation is day-ahead, the payback power can take place at any given hour during
the day according to the payback conditions of the selected bids. The market solution of the flexibility
market should consist of the accepted flexibility bids and the time when the payback power can take
place, thus allowing the aggregator to adjust the flexible loads accordingly. During the intra-day
period, the aggregator is responsible of adjusting the original schedule of the wholesale market to
accommodate the flexibility activation needs.

3.2.2. RT Flex-DLM

During the real-time operation, the DSO is continuously checking the technical feasibility of the
network for every following h. If a network constraint is identified to be happening in the following h,
three possible scenarios could take place: first, if the DSO procured the RtU option for the forthcoming
congestion, then the DSO can activate that option and avoid this constraint without entering the RT
Flex-DLM. Second, if the DSO needs more flexibility than what was already reserved by the RtU option,
the DSO will call for the RT Flex-DLM to procure the remaining required flexibility. And third, if an
unforeseen or unplanned network congestion is taking place, the DSO also calls for the RT Flex-DLM to
purchase the needed flexibility. This last scenario cannot be considered as a rare event, since unplanned
deviations from forecasted values of generation and demand are common. The existence of a real-time
market for flexibility trading increases the reliability of the total system, eliminates the complications
arising from the forecasting errors and decreases the effect of sudden network contingencies. In the
RT Flex-DLM, aggregators must be ready to supply flexibility on short notice to the DSO. The market
solution here must also consist of the accepted flexibility bids and the time when the payback power
can take place, which must be on the following hours to the activation request. For example, as in
Figure 3, if the DSO validation process at time t detects a congestion for the following hour t + 1, thus
the payback power can only take place from hour t + 2 and till the end of the day.

3.3. The Trading Processes

In the Flex-DLM, from the point of view of the DSO, demand flexibility is procured directly from
the aggregator. The proposed architecture of the Flex-DLM limits the role of the DSO to optimize its
purchase cost of flexibility and to ensure a reliable operation of its network. In accordance with the
current regulatory policies, the DSO should not be involved in any other trading processes. For a single
node n, the DSO’s total cost for flexibility activations, denoted CF

n, is calculated as in Equation (2). This
total cost is composed of the cost of firm flexibility CF_DA

n activated during the DA period for the high
probable congestions, the cost of reserving flexibility with medium probabilities during the DA period,
denoted CF_RtU

n and finally the cost of activating flexibility for sudden and unplanned congestions
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during the RT period, denoted CF_RT
n . We recall that the Flex-DLM follows a pay-as-bid structure,

which means cleared bids receive their bidding prices. Therefore, for firm flexibility requested during
the DA Flex-DLM, the total cost is computed as in Equation (3), which is equal to the sum of the
activated flexibility Fn,k,t per block multiplied by its corresponding price λDA

n,k,t. Flexibility is activated
with respect to all the congested hours in the day-ahead operation for a timeframe from 1 to 24 and
number of flexibility blocks Nb

n. If the flexibility is activated for a medium probability congestion
where the RtU option was used, then the RtU reservation fee λRtU

n,k,t for every activated block k at
node n will be added to the total cost of flexibility activation that is calculated by the activation price
λact

n,k,t, as in Equation (4). During the RT period, the objective function will be similar to Equation (3)
but considering a different timeframe. If the DSO’s validation check is carried out at time t and the
congestion is expected at time t + 1, then the objective function can be written as in Equation (5), where
λRT

n,k,t is the flexibility price during the RT period.

CF
n = CF_DA

n + CF_RtU
n + CF_RT

n ∀n (2)

CF_DA
n =

24

∑
t=1

Nb
n,t

∑
k=1

Fn,k,t · λDA
n,k,t ∀n (3)

CF_RtU
n =

24

∑
t=1

Nb
n,t

∑
k=1

(
Fn,k,t · λact

n,k,t + λ
RtU
n,k,t

)
∀n (4)

CF_RT
n =

24

∑
i=t+1

Nb
n,i

∑
k=1

Fn,k,i · λRT
n,k,i ∀n (5)

The aggregator, being the BRP, will be in charge of the necessary energy trading to ensure the
delivery of the requested flexibility, which can be firm flexibility during DA or reserved amount due
to RtU option or firm flexibility during the RT. The total flexibility (consumption reduction) required
by the DSO, which is calculated in Equation (6), is in fact an amount of energy already purchased by
the aggregator in the wholesale market. Therefore, to secure the delivery of the required flexibility,
the aggregator must sell that energy consumption (activated flexibility) to other market players in
coming adjustment markets, which run after the day-ahead market. In this case, the aggregator is
expected to receive a revenue, denoted Rn, for selling this energy amount for node n, which consists
of the total activated flexibility per bid Ftot

n,t , multiplied by the adjustment market price λadj
t , as in

Equation (7). Beside the energy balancing responsibility, the aggregator must also buy the payback
power corresponding to the flexibility service activated. This can be obtained also in adjustment
markets. Equation (8) calculates the cost of procuring the payback power by multiplying the individual
amount of activated flexibility per block by the payback coefficient and then multiplying it by the price
of the adjustment market.

Ftot
n,t =

Nb
n,t

∑
k=1

Fn,k,t ∀t, n (6)

Rn =
24

∑
t=1

Ftot
n,t · λ

adj
t ∀n (7)

CPB
n =

24

∑
t=1

Nb
n,t

∑
k=1

αn,k · Fn,k,t

λadj
t ∀n (8)
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Finally, after all the processes take place, the aggregator’s net profit for a single node n can be
calculated by subtracting the cost of procuring the payback power from the income acquired from the
total cost of selling flexibility services to the DSO and selling the energy in the adjustment market,
as in Equation (9). Thus, it can be concluded that with several trading processes taking place to ensure
the complete delivery of demand flexibility to the DSO, flexibility should be regarded as the trading of
a service and not a trading of energy. Besides being able to control the flexibility prices, thus gaining
more profit, the aggregator can also trade the consumption reduction and the payback power in the
adjustment markets that will produce the maximum revenue and minimum cost. Therefore, it is of the
aggregator’s best interest and the consumers as well, to present the flexibility bids at competitive prices
to maximize the final profit, considering the possibility that multiple aggregators can be participating
in the Flex-DLM.

An = CF
n + Rn −CPB

n ∀n (9)

4. DSO’s Optimization Problem

In the Flex-DLM (DA or RT), the DSO must choose the optimal flexibility bids, while considering
the grid constraints and the payback effect. Thus, there are two main optimization processes that can
take place in the proposed flexibility framework, one in the DA and another in the RT. In the following
subsections, these two processes will be explained thoroughly.

4.1. Day-Ahead Time Frame

During this timeframe, two kinds of flexibility transactions can take place, which means that two
optimization processes are as well carried out by the DSO. The first one is for the high probable/almost
certain congestions, where the DSO buys firm flexibility in the DA Flex-DLM. The second transaction
is for the medium probability congestions, where the DSO enters the DA Flex-DLM to buy the RtU
option in order to reserve a certain amount of flexibility to be used if needed in the real-time operation.
The main difference between the two transactions is in the payback power scheduling. For firm
flexibility (highly probable congestions), the DSO is able to schedule the payback power to take
place at the optimal hour along the following day of operation but as the flexibility for the medium
probability congestion is not guaranteed to be requested, the DSO cannot schedule the payback
day-ahead and can only schedule it if it is activated in real-time. Take for example the two possible
scenarios in Figure 5. In the first scenario (top figures), in the day-ahead period, we assume that
congestions at hours 9 and 15 have very high probabilities. With one flexibility bid presented at both
hours, the DSO procures firm flexibility. Therefore, the DSO can schedule ahead the payback power
for the activated blocks, which will take place at hours 3, 6 and 14 for the blocks at hours 9 and at
18 and 23 for the blocks at hour 15. In the second scenario (bottom figures), congestions at hours
10 and 17 have probabilities between the DSO’s probability levels. Thus, the DSO reserves only the
flexibility blocks by paying the fee for the RtU option. In this case, the DSO can activate this option if
these congestions actually take place in real-time. However, the payback cannot be planned ahead.
Therefore, in real-time, if the flexibility is required at hours 10 and 17, the DSO is can schedule the
payback power to take place after the activation of the flexibility. In this case, the payback power for
the activated blocks from the bid at hour 10 will take place in hours 16, 19 and 20 and the payback
hours for the two blocks activated at hour 17 will be shifted to hours 23 and 24 respectively, considering
that no new congestion occur at these hours.
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4.1.1. Optimizing Flexibility Purchase for the High Probability Congestion

In the DA Flex-DLM, firm flexibility is scheduled for all the congested hours with probabilities
above the maximum limit. Thus, the objective function that minimizes the DSO’s total cost can be
formulated as in Equation (10), considering Nn number of nodes. The amount of flexibility that can be
activated from every block at every bid is constrained between minimum and maximum values of
zero and Fmax

n,k,t, as in Equation (11).

min
Fn,k,t

CF_DA =
24

∑
t=1

Nn

∑
n=1

Nb
n,t

∑
k=1

Fn,k,t · λDA
n,k,t

 (10)

0 ≤ Fn,k,t ≤ Fmax
n,k,t ∀t, k, n (11)

In Equation (12), the payback power is calculated as a function of the amount of flexibility
activated by the DSO and it can be evaluated using the payback coefficient αn,k. The payback power is
calculated over the timeframe set by the objective function for every flexibility bid activated, where Ψt

is the set of activated bids having payback power at time t. In the Flex-DLM, the DSO, as the flexibility
market operator, must optimally clear the market and minimize its total cost of flexibility purchase.
This is achieved by running a Power Flow (PF) in order to make sure that the grid constraints are
not violated. The PF is carried out for all congested hours and payback hours. The grid constraints
equations are given in Equations (13)–(16). The active and reactive load flow equations, for a system
with Nn number of nodes, at node n, follows equations Equation (13) and (14). The maximum bounds
for apparent power for every branch connecting nodes n and m in the system and voltage levels for
every node n, follow the constraints Equation (15) and (16). All the power flow equations are valid
for every time t during the timeframe considered in this problem. For example, in a day-ahead time
frame, the time t ∈ {1, 24}.

PPB
n,t = ∑

i∈Ψt

Nb
n,i

∑
k=1

αn,kFn,k,i ∀t, n (12)

Pnetn,t +
Nb

n,t

∑
k=1

Fn,k,t − PPB
n,t = Sbase

Nn

∑
m=1

vn,t vm,t ynm cos(δn,t − δm,t − θnm) ∀t, n (13)

Qnetn,t +
Nb

n,t

∑
k=1

Q_Fn,k,t −QPB
n,t = Sbase

Nn

∑
m=1

vn,t vm,t ynm sin(δn,t − δm,t − θnm) ∀t, n (14)



Energies 2018, 11, 2078 16 of 32

Snm,t ≤ Smax
nm , Snm,t =

∣∣∣v2
n,t ynm e−jθnm − vn,t vm,t ynm ej(δn,t−δm,t−θnm)

∣∣∣·Sbase ∀t, n (15)

vmin
n ≤ vn,t ≤ vmax

n ∀t, n (16)

4.1.2. Optimizing Flexibility Purchase for the Medium Probability Congestion

The second optimization process is also carried out during the DA timeframe and it concerns the
RtU option for the congestions with medium probability of occurrence. The RtU option gives the DSO
the rights to reserve a certain amount of flexibility to be used when needed in the real-time operation.
In this case, the total cost of activating the flexibility will consist of two components: the actual cost
of flexibility activated in the real-time and the price for the RtU option offered by the aggregator in
the DA Flex-DLM. The payback effect equations are not considered at this point since the activation
of flexibility is not a certain case. However, the grid constraints equations described in Equations
(13)–(16) are taken into consideration. Even though the RtU option can be considered as a safe measure
for the DSO to avoid the likely to happen congestions, a certain level of risk is still present with respect
to buying this option. The two main factors affecting the DSO’s decision are the flexibility prices and
the RtU fee. The problem is which of those terms has more influence on the optimal solution.

Take for example Figure 6, where a congestion is considered to have medium probability and the
DSO needs an amount of 0.2 MW to relieve it. If two flexibility bids are presented at node n and time t,
with a single block each, flexibility prices of 70 and 85 €/MWh and RtU fee of 2.2 and 1.2 € respectively,
then the expected total cost for reserving and activating the first and the second bid are 16.2 € and
18.2 €. The RtU fees here ranges from 5% to 20% of the total cost of the offered flexibility [75]. At first
glance, it can be noticed that the first bid has a cheaper flexibility price than the second bid. However,
the situation is reversed when considering the RtU fee, as it is more expensive to reserve the first bid
than the second one. Therefore, from the stand point of the DSO, if this congestion takes place in the
real-time, the optimal bid would be the first one, that is, minimum total cost. But, if the congestion
does not take place, then reserving the second bid for 1.2 € would be a better option to the DSO, since
no extra cost for actual flexibility activation will be paid. In order to enhance the DSO’s decision in
such cases, we propose to include the probability of the congestion in the DSO’s objective function,
which can be written as in Equation (17), where λRtU

n,k,t is the RtU fee. The probability value will act as a
weighting factor for the DSO to determine if the congestion is worth the risk to reserve the cheaper bid
with the high RtU fee, or the congestion is not likely to happen and reserving the expensive bid with
low RtU fee is a better option.

Min
Fn,k,t

CF_RtU =
24

∑
t=1

Nn

∑
n=1

Nb
n,t

∑
k=1

ρt · Fn,k,t · λact
n,k,t + λ

RtU
n,k,t

 (17)
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Considering the same example of the two bids, for three different values of probabilities (0.3, 0.5
and 0.8) and with no probability considered, Table 4 illustrates the total cost for the DSO to reserve
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and activate the flexibility for the four cases. It can be noticed that for a low probability of occurrence
like 0.3, the DSO is better off reserving the second bid since it has the cheapest RtU fee. For higher
probabilities such as 0.5 and 0.8, more weight is given to the first term in Equation (17), which means
that the congestion’s probability is inclined towards the maximum bound. In this case, the DSO’s best
decision will be to reserve the first bid. While the objective function in Equation (17) minimizes the
total cost of flexibility purchase, the weighting factor included does not decrease the cost of flexibility
activation. Its sole purpose is to help the DSO optimize its decision with minimum financial cost
and losses. Thus, regardless of the value of congestion probability, if the DSO reserves the first bid,
the aggregator should receive a total amount of 16.2 € if the flexibility is finally activated in real-time.

Table 4. Example for the cost of reserving 0.2 MW from two bids considering different probabilities of
congestion occurrence.

Bids Bid 1 Bid 2 Bid 1 Bid 2 Bid 1 Bid 2 Bid 1 Bid 2

ρt 0.3 0.5 0.8 No Probability Considered

λact
n,1,t (€/MWh) 70 85 70 85 70 85 70 85
λRtU

n,1,t (€) 2.2 1.2 2.2 1.2 2.2 1.2 2.2 1.2
Total Cost CF_RtU (€) 6.4 6.3 9.2 9.7 13.4 14.8 16.2 18.2

Figure 7 shows the flowchart for the processes carried out by the DSO during the DA period. In the
DSO’s validation process, after the MSA and PFA are evaluated, the DSO assesses all congested hours in
the following day and decides which kind of flexibility (firm flexibility or RtU option) should be bought
for every h. After all hours are assessed, the DSO calls for the DA Flex-DLM and two optimization
processes are carried out, one for the highly probable congestions, where firm flexibility will be procured
and the other one for the medium probability congestions, where the RtU option will be procured.
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4.2. Real-Time Frame

During the real-time operation, the DSO checks the technical feasibility of the network continuously,
which is assumed here to be on an hourly basis. Figure 8 shows the flowchart for the processes carried
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out during the RT period. If a congestion is detected at any following h, the DSO checks if this congestion
was already considered when procuring the RtU option during the DA timeframe and the amount
reserved is sufficient to mitigate the congestion. In such case there is no need to call for the RT Flex-DLM
and the amount of flexibility reserved by the DSO can be activated. Then the payback power can be
scheduled according to Equation (12), which can only take place in forthcoming hours. However, if
this congestion was not considered in the DA period, or the DSO needs more flexibility than what was
reserved in the RtU option, it must call for the RT Flex-DLM to procure what is needed and the payback
is scheduled accordingly as well. In the RT period, the flexibility prices are expected to be higher than
in the DA Flex-DLM, due to the short notice. In this case, the same optimization process described in
the DA Flex-DLM will be carried out with the same constraints but with a different timeframe. If the
DSO’s feasibility check is carried out at time t and the congestion is expected at time t + 1, then the
optimization function in Equation (18) is valid from t + 1 till the end of the day.

Min
Fn,k,i

CF_RT =
24

∑
i=t+1

Nn

∑
n=1

Nb
n,i

∑
k=1

Fn,k,i · λRT
n,k,i

 (18)
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4.3. Methodology

The objective of the work here is to present a concise and realistic framework for a flexibility
market, by considering the literature gaps mentioned in Sections 1.1 and 1.2. Therefore, we aimed to
provide a non-complex method to clear the Flex-DLM and minimize the DSO’s cost of purchasing
demand flexibility. The Flex-DLM operates in a similar way to the wholesale electricity markets, where
the market solution is sent to the DSO for technical validation. Since it is assumed that the DSO is the
Flex-DLM operator, and it is the main beneficiary of the flexibility services, the DSO is assigned the
task of clearing the market and optimizing its cost of purchase. As explained in Sections 4.1 and 4.2,
during the two periods of the Flex-DLM, that is, DA and RT, the objective is to minimize the cost of
flexibility and mitigate the network congestions. Whether the flexibility traded is firm flexibility or
reserved flexibility by the RtU option, the constraints are similar in all cases when it comes to the
payback effect and the grid constraints, as explained in Equations (11)–(16). The only difference is
for the medium probability congestions, where the payback effect is not scheduled until the actual



Energies 2018, 11, 2078 19 of 32

activation takes place during the real-time. In order to efficiently solve the DSO’s optimization problem,
the methodology used here integrates a linear programming (LP) solver with a PF solver, since all
objective functions and their respective constraints across all markets are linear functions except for the
grid constraints. The Flex-DLM framework is modelled in Matlab where a LP solver toolbox is used
and a PF solver called Matpower [76] is utilized. The LP solver’s function is to clear the Flex-DLM and
minimize the cost of procuring the flexibility. The function of the PF in Matpower is to ensure that the
Flex-DLM solution mitigates the network congestion and that the payback effect will not violate the
grid constraints.

5. Case Study

One of the MV distribution feeders of a distribution network in Spain is used as a case study to
implement the proposed flexibility markets. This feeder consists of 79 buses with an annual demand
of 87 GWh operating at 15 kV. Due to the large size of the feeder, only a part of it is illustrated as in
Figure 9. It is considered that customers who can offer demand flexibility are connected to 6 different
buses. The unavailability of the customers’ information regarding their individual consumptions and
types of flexible appliances makes it difficult to accurately quantify the specific demand flexibility that
can be used at every node. Therefore, here we consider a 10% flexibility penetration level at the buses
offering flexibility, which means that consumers can offer 10% of their load as flexibility to the DSO.
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5.1. Probabilistic Assessment (Scenarios-Generating Tool)

In order to avoid entering the DA Flex-DLM and procuring unneeded flexibility, the DSO carries
out a probabilistic analysis that considers historical data and forecasting tools with the purpose
of valuing the probability of occurrence of such congestions. As already mentioned, probabilistic
forecasting is still rarely available, especially at distribution level and therefore it is difficult to have
access to it. Hence, a method to produce the equivalent of the output of a probabilistic forecast has
been devised. Instead of modelling a complicated forecasting algorithm, a scenario-generating method
is implemented here, which generates possible scenarios for the demand. From a base trajectory (in our
case the measured consumption in the feeder), a number of scenarios can be obtained for each time
period t adding an error series with an accuracy similar to demand forecasting programs. In this case,
a MAPE ranging between 5% and 10% has been considered. The error series was modelled using an
autoregressive time series AR(1), as given in Equation (19). The number of generated scenarios in this
case study is 1000, which is sufficient to calculate the probability of congestion occurrence [77].

yt = φyt−1 + εt (19)

In this equation, y is the error value added to the original trajectory and ε is the innovation (or
white noise). The values of the parameter φmust be fit to get the desired properties of the produced
series. This normalized error series must be scaled to the actual value of the consumption taking into
account that the absolute error value depends on the consumption level along the day, that is, larger
when the consumption is higher and smaller when it is lower. This method can be used to produce
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as many synthesized forecasts as needed and therefore, equiprobable trajectories around the basic
consumption series can be obtained, thus having a multi-scenario prediction trajectory that can be
used in probabilistic operational tools as the congestion management assessment. The median of all
these scenarios will be taken as the point prediction if this is needed for a comparison study.

5.2. Day-Ahead Operation

In the wholesale electricity market, generation offers and demand bids are submitted based on
their respective forecasts for the following day. After the wholesale market is cleared, the DSO assess
the technical feasibility of the market solution, that is, MSA. In this assessment, the DSO finds that
the network line between buses 7 and 8, that is, line 7–8, is expected to be overloaded at hours 19, 20,
21 and 22. The apparent power S, in MVA, at this line during the whole day, based on the market
solution, is given in Figure 10. It can be noticed that the apparent power at these hours surpasses
the maximum allowable limit of the line. In order to ensure the need of obtaining flexibility services
to solve the congestion at these hours, the DSO carries out the probabilistic forecasting assessment
(PFA) by generating 1000 scenarios for the load consumption. Figure 11 shows the apparent power
flow at line 7–8 for a sample of the generated scenarios. Next, the DSO checks the technical feasibility
of every scenario and calculates the probability of congestion occurrence at every hour during the
coming day. Based on the probability levels, 90% and 40% respectively, set by the DSO, the congestions’
probabilities are divided into high probability (almost certain to take place), medium probability
(uncertain to take place) and congestions that can be ignored. The probabilities calculated at every
hour over the day are illustrated in Figure 12. The PFA indicates that congestions at hours 19, 20,
21 and 22 have high probabilities of occurring, while congestions at hours 13 and 14 have medium
probabilities. Based on the above analysis, two transaction processes take place, which are explained
in the following subsections.

1 
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Figure 10. Apparent power at line 7-8 based on MSA and the line maximum capacity (MVA).
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图 11 
Figure 11. Apparent power at line 7–8 for a sample of generated scenarios based on PFA and the line
maximum capacity (MVA).
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Figure 12. Probability of congestion occurrence and the DSO’s probability levels based on PFA.

5.2.1. Flexibility Transactions for High Probability Congestions

Both the MSA and PFA indicate that a congestion is expected to take place at hours 19, 20, 21 and
22, with high probability of occurrence, due to an overload in line 7–8 as seen in Figure 12. With such
high certainty, the DSO calls for the DA Flex-DLM to procure the flexibility needed. As a result,
all aggregators submit their flexibility bids, which can have several blocks depending on the number
of consumers and types of flexible loads. The presented flexibility bids from the aggregators and the
payback conditions are shown in Tables 5 and 6. The DSO, as the flexibility market operator, clears the
DA Flex-DLM and the activated bids and the optimal payback hours are notified to the aggregators.
Table 7 illustrates the activated bids during these hours, the optimal payback power and hour for every
activated block per bid. Also, the total cost incurred by the DSO for firm flexibilities in the market,
from all nodes, is computed to be 124 €. The total traded power for these transactions is 1.59 MW and
the total payback power required by the customers is 1.46 MW. Figure 13 illustrates the original total
load of the network, in MW, based on the wholesale market solution before any flexibility activation
and the new load schedule after the firm flexibility and payback scheduling for the high probable
congestions take place in the DA Flex-DLM.

Table 5. Flexibility bids at buses 1, 2 & 3 in the DA Flex-DLM for high probability congestions.

Hour

Flex_Bus 1 Flex_Bus 2 Flex_Bus 3

Fmax
1,1,t λ1,1,t Fmax

2,1,t Fmax
2,2,t Fmax

2,3,t λ2,1,t λ2,2,t λ2,3,t Fmax
3,1,t Fmax

3,2,t λ3,1,t λ3,2,t

MW €/MWh MW MW MW €/MWh €/MWh €/MWh MW MW €/MWh €/MWh

19 0.123 76.82 0.036 0.051 0.015 73.80 76.06 77.57 0.022 0.065 72.29 76.06
20 0.125 80.78 0.038 0.054 0.016 77.60 79.98 81.57 0.023 0.069 76.02 79.98
21 0.120 83.00 0.036 0.052 0.016 79.74 82.19 83.82 0.022 0.067 78.11 82.19
22 0.125 79.98 0.039 0.056 0.017 76.84 79.20 80.77 0.024 0.072 75.27 79.20
αn,k 0.85 - 0.80 0.95 0.70 - 0.82 0.95 -

Payback
hour 1–24 - 13–24 1–16 17–24 - 12–20 6–16 -

Table 6. Flexibility bids at buses 4, 5 & 6 in the DA Flex-DLM for high probability congestions.

Hour

Flex_Bus 4 Flex_Bus 5 Flex_Bus 6

Fmax
4,1,t Fmax

4,2,t Fmax
4,3,t λ4,1,t λ4,2,t λ4,3,t Fmax

5,1,t Fmax
5,2,t λ5,1,t λ5,2,t Fmax

6,1,t Fmax
6,2,t λ6,1,t λ6,2,t

MW MW MW €/MWh €/MWh €/MWh MW MW €/MWh €/MWh MW MW €/MWh €/MWh

19 0.030 0.050 0.020 72.29 73.80 78.33 0.066 0.054 76.82 77.57 0.035 0.065 76.06 76.82
20 0.027 0.045 0.018 76.02 77.60 82.36 0.060 0.049 80.78 81.57 0.032 0.059 79.98 80.78
21 0.026 0.044 0.018 78.11 79.74 84.63 0.058 0.047 83.00 83.82 0.031 0.057 82.19 83.00
22 0.027 0.045 0.018 75.27 76.84 81.55 0.059 0.049 79.98 80.77 0.032 0.059 79.20 79.98
αn,k 0.90 0.95 0.80 - 0.88 0.92 - 0.94 1.00 -

Payback
hour 8–13 9–18 1–24 - 1–24 12–16 - 1–24 1–24 -
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Table 7. Market solution for DA Flex-DLM for the highly probable congestions.

Flex_Bus 1 Flex_Bus 2 Flex_Bus 3 Flex_Bus 4 Flex_Bus 5 Flex_Bus 6

Firm Flexibility (MW) F1,1,t F2,1,t F2,2,t F2,3,t F3,1,t F3,2,t F4,1,t F4,2,t F4,3,t F5,1,t F5,2,t F6,1,t F6,2,t

Hour

19 0.123 0.036 0.051 - 0.022 0.065 0.030 0.050 - 0.066 - 0.035 0.056
20 - 0.038 0.054 - 0.023 0.069 0.027 0.045 - 0.060 - 0.032 0.043
21 - 0.036 0.052 - 0.022 0.067 0.026 0.044 - - - 0.022 -
22 - 0.039 0.056 - 0.024 0.072 0.027 0.045 - 0.039 - 0.032 0.059

Payback power (MW) PPB
1,1,t PPB

2,1,t PPB
2,2,t PPB

2,3,t PPB
3,1,t PPB

3,2,t PPB
4,1,t PPB

4,2,t PPB
4,3,t PPB

5,1,t PPB
5,2,t PPB

6,1,t PPB
6,2,t

Hour

9 - - - - - - 0.020 - - - - - -
10 - - - - - - 0.030 - - - - - -
11 - - 0.035 - - 0.044 0.030 - - - - - -
12 - - 0.056 - - 0.072 0.030 - - - - - -
13 - - - - 0.006 - - - - - - - -
14 - 0.039 - - 0.024 - - - - - - - -
15 - - 0.056 - - 0.072 - 0.025 - - - - -
16 - - 0.056 - - 0.072 - 0.050 - - - - -
17 - - - - 0.021 - - 0.050 - - - 0.009 -
18 - 0.002 - - 0.024 - - 0.050 - 0.013 - 0.035 0.028
23 - 0.039 - - - - - - - 0.066 - 0.035 0.065
24 0.104 0.039 - - - - - - - 0.066 - 0.035 0.065

CF_DA (€) 124

 

2 

 

图 13 

 

 

图 14 

Figure 13. Original total network load before and after firm flexibility and payback scheduling during
the DA period (MW).

5.2.2. Flexibility Transactions for Medium Probability Congestions

According to the PFA, congestions at hours 13 and 14 have medium probabilities of taking place
with values of 70.2% and 49.2% respectively. Since the preliminary MSA carried out by the DSO did
not indicate any congestions during those hours, the DSO chooses to purchase the RtU option and
reserve a specific amount of flexibility that could be used during the real-time if such congestions end
up taking place. In the given distribution feeder, only three buses, 2, 4 and 6, are capable of providing
the RtU option and flexibility during these hours. Table 8 illustrates the flexibility bids at both hours
and the RtU fee per bid and block. The values for the RtU fee per block are assumed to be 20% of
the total cost of activating the block, which is similar to what previously done in [76]. It should be
noted that since the flexibility activation is not guaranteed in this case, the payback power cannot be
scheduled at this point in time. The reserved amounts for every bid are illustrated in Table 9. The total
amount is equal to 0.37 MW and the total cost for reserving this quantity is 6.73 €.
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Table 8. Flexibility bids at buses 2, 4 6 in the DA Flex-DLM for medium probability congestions.

Hour

Flex_Bus 2 Flex_Bus 4 Flex_Bus 6

Fmax
2,1,t Fmax

2,2,t Fmax
2,3,t λ2,1,t λ2,2,t λ2,3,t Fmax

4,1,t Fmax
4,2,t Fmax

4,3,t λ4,1,t λ4,2,t λ4,3,t Fmax
6,1,t Fmax

6,2,t λ6,1,t λ6,2,t

MW MW MW €/MWh €/MWh €/MWh MW MW MW €/MWh €/MWh €/MWh MW MW €/MWh €/MWh

13 0.046 0.053 0.020 85.22 85.50 85.68 0.035 0.042 0.037 85.04 85.22 85.77 0.041 0.060 85.50 85.59
14 0.046 0.052 0.020 89.40 89.68 89.87 0.034 0.041 0.036 89.21 89.40 89.97 0.039 0.058 89.68 89.78

λRtU
n,k,13 (€) - 0.78 0.90 0.34 - 0.59 0.72 0.64 - 0.69 1.02

λRtU
n,k,14 (€) - 0.82 0.94 0.35 - 0.60 0.73 0.65 - 0.71 1.04

Table 9. Market solution for DA Flex-DLM for the medium probability congestions.

Flex_Bus 2 Flex_Bus 4 Flex_Bus 6

Flexibility Reserved (MW) F2,1,t F2,2,t F2,3,t F4,1,t F4,2,t F4,1,t F6,1,t F6,2,t

Hour
13 0.047 0.054 0.020 0.035 0.042 - 0.024 -
14 0.046 0.052 0.020 0.034 - - - -

Reservation cost (€) 6.73
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5.3. Real-Time Operation

During the real-time operation, deviations between the expected network load and the actual
consumption are inevitable. As already mentioned in Section 4.2, the DSO carries out technical analysis
to check the feasibility of the network for every coming hour and the DSO’s validation process at
hour 11 forecasts an increase in the total network load at hour 12 reaching 13.5 MW, as opposed to
11.59 MW which was the original expectation based on the market solution. As a result, one of the
network branches will be congested. Since the PFA and MSA carried out at the previous day did not
indicate any expectancy for a congestion during hour 12, the DSO did not consider any precautions
for such congestion. Therefore, the DSO calls for RT Flex-DLM at hour 11 to procure the needed
flexibility. Considering the same payback hour conditions, the hour preferences will be adjusted in
the optimization problem to ensure that the payback hour takes place after the flexibility is activated,
that is, from hour 13 to the end of the operation period. At hour 12, all six buses are capable of
providing demand flexibility. Tables 10 and 11 present the flexibility bids. The flexibility prices here
are assumed to be higher than in the DA Flex-DLM due to the short time notice of activating the
flexibility. The solution of the RT Flex-DLM is presented in Table 12, where the activated flexibility
bids are shown, together with the optimal payback power and hour for every block. The total cost for
flexibility services during the real-time period is 51.26 € for a total trading amount of flexibility equal
to 0.475 MW.

Table 10. Flexibility bids at buses 1, 2 3 in the RT Flex-DLM for sudden congestions.

Hour

Flex_Bus 1 Flex_Bus 2 Flex_Bus 3

Fmax
1,1,t λ1,1,t Fmax

2,1,t Fmax
2,2,t Fmax

2,3,t λ2,1,t λ2,2,t λ2,3,t Fmax
3,1,t Fmax

3,2,t λ3,1,t λ3,2,t

MW €/MWh MW MW MW €/MWh €/MWh €/MWh MW MW €/MWh €/MWh

12 0.081 108.61 0.052 0.074 0.022 106.89 108.18 109.04 0.028 0.085 106.03 108.18
αn,k 0.85 - 0.80 0.95 0.70 - 0.82 0.95 -

Payback hour 10–24 - 13–24 10–16 17–24 - 12–20 10–16 -

Table 11. Flexibility bids at buses 4, 5 6 in the RT Flex-DLM for sudden congestions.

Hour

Flex_Bus 4 Flex_Bus 5 Flex_Bus 6

Fmax
4,1,t Fmax

4,2,t Fmax
4,3,t λ4,1,t λ4,2,t λ4,3,t Fmax

5,1,t Fmax
5,2,t λ5,1,t λ5,2,t Fmax

6,1,t Fmax
6,2,t λ6,1,t λ6,2,t

MW MW MW €/MWh €/MWh €/MWh MW MW €/MWh €/MWh MW MW €/MWh €/MWh

12 0.031 0.052 0.021 106.03 106.89 109.46 0.051 0.042 108.61 109.04 0.024 0.045 108.18 108.61
αn,k 0.90 0.95 0.80 - 0.88 0.92 - 0.94 1.00 -

Payback hour 10–13 10–18 10–24 - 10–24 12–16 - 10–24 10–24 -

Table 12. Market solution for RT Flex-DLM for a sudden congestion at hour 12.

Flex_Bus
1 Flex_Bus 2 Flex_Bus 3 Flex_Bus 4 Flex_Bus 5 Flex_Bus 6

Firm Flexibility (MW) F1,1,t F2,1,t F2,2,t F2,3,t F3,1,t F3,2,t F4,1,t F4,2,t F4,3,t F5,1,t F5,2,t F6,1,t F6,2,t

Hour 12 0.062 0.052 0.074 - 0.028 0.085 - 0.052 - 0.051 - 0.024 0.045

Payback power (MW) PPB
1,1,t PPB

2,1,t PPB
2,2,t PPB

2,3,t PPB
3,1,t PPB

3,2,t PPB
4,1,t PPB

4,2,t PPB
4,3,t PPB

5,1,t PPB
5,2,t PPB

6,1,t PPB
6,2,t

Hour

16 - - - - - 0.081 - - - - - - -
17 - - - - - - - - - - - - -
18 0.053 0.041 0.070 - - - - 0.050 - 0.045 - 0.023 0.045
20 - - - - 0.023 - - - - - - - -

CF_RT (€) 51.26
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Apart from the sudden congestion at hour 12, the DSO also detects that the congestions with
medium probabilities at hours 13 and 14 are going to take place. Therefore, the DSO will call upon
the RtU option and, since no more flexibility is required, there is no need to call for the RT Flex-DLM.
Table 13 provides the optimal payback power and hours for the activated flexibility bids, as well as
the cost for activating the flexibility, which is 30.5 €. Thus, the total cost incurred by the DSO for
reserving and activating the RtU option, will be 37.23 €, which is the sum of the RtU fees, paid in the
DA Flex-DLM and the cost of activating the flexibility in the real-time period. It should be noted that
the payback power could be pushed to the following day of operation if it is more feasible to the DSO
and convenient to the flexibility provider, however, this assumption is not considered here. After all
flexibility activations and payback power take place (from DA Flex-DLM and RT Flex-DLM), the final
load profile is illustrated in Figure 14 against the original network load profile.

Table 13. Payback hours for activated flexibility bids reserved by the RtU option for hours 13 and 14.

Flex_Bus 2 Flex_Bus 4 Flex_Bus 6

Payback Power (MW) PPB
2,1,t PPB

2,2,t PPB
2,3,t PPB

4,1,t PPB
4,2,t PPB

4,3,t PPB
6,1,t PPB

6,2,t

Hour
17 0.038 0.043 0.016 0.028 0.034 - 0.019 -
18 0.037 0.042 0.016 0.027 - - - -

Activation cost (€) 30.5
CF_RtU (€) 37.23

 

2 

 

图 13 

 

 

图 14 
Figure 14. Total network load before flexibility and payback scheduling and the final load profile at the
end of the operation day after all activations (MW).

In the Flex-DLM framework, the cash flow and all trading processes carried out in the case study
are depicted in Figure 15. The trading processes carried out by the aggregators and other agents
in adjustment markets are as well described, where the prices are taken from the Spanish intra-day
market [78]. Based on all transactions, the total cost of flexibility activation for the DSO is 212.49 €,
which translates to a revenue for the aggregators. Regarding the aggregators, after carrying out all
necessary trading processes to deliver the required flexibility across all markets, the total revenue for
selling the energy consumption, corresponding to the activated flexibility (see Section 3.3) and the total
cost for acquiring the payback power for all activated flexibility are 133.40 € and 119.65 €, respectively.
Therefore, according to Equation (9), the aggregators’ net profit will sum up to 226.23 €.
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5.4. Effect of Flexibility Penetration Level on the DSO Cost

Specific calculations of the flexibility for every consumer and the methods of aggregation carried
out by the aggregators are out of the scope of this paper and they require already established
communication infrastructure and data repositories to gather the required information. However,
the objective of the analysis carried out here is to show how the flexibility penetration level, or the
amount of flexibility available, can be beneficial to the DSO. Consider the same network, with the
same flexible buses and only the firm flexibility transaction for the high probable congestions in the
DA Flex-DLM. Keeping the flexibility prices constant, four levels of flexibility penetration are tested
from 10% to 50% with a 10% step, to evaluate the total savings that can be achieved by the DSO if
more flexibility becomes available by the customers. Table 14 shows the total flexibility cleared at
every bus with respect to the four penetration levels and the already penetration level 10% carried
out in Section 5.1. It can be noticed that at a low level of 10%, the DSO has no choice but to use
the flexibility from all the buses. With low availability of flexibility, the DSO optimizes its operation
with limited options considering the technical and locational constraints of the network. However,
as the level of flexibility penetration increases, which means that more flexibility becomes available at
the flexible buses, the DSO is able to better optimize its operation and decrease the cost of flexibility.
For example, starting from penetration level of 40%, the DSO opts to use only the flexibility offered
from the buses 2, 3 and 4 and neglect the flexibility from the rest of the buses. This means that buses 2,
3 and 4 have optimal locations in the network to solve the congestion and minimize the system losses.
As a result, for the same total activated flexibility at every level, the savings achieved by the DSO at
every penetration level compared to the original 10% penetration is given in Figure 16, which shows
an expected savings of 4.5% for a 50% penetration of flexibility compared to only 10%. For larger
distribution networks with possibly hundreds of customers, such savings can increase if more flexibility
becomes available and more customers are involved in demand flexibility programs. This last issue



Energies 2018, 11, 2078 27 of 32

can be challenging and cannot be considered as an easy task. Aggregators must be technologically
advanced to provide full automation for flexibility sources at the consumers’ households [71].

Table 14. Activated flexibility at buses with respect to penetration levels of flexibility.

Flexibility
Penetration Level

Flex_Bus 1 Flex_Bus 2 Flex_Bus 3 Flex_Bus 4 Flex_Bus 5 Flex_Bus 6

MW MW MW MW MW MW

10% 0.123 0.362 0.365 0.295 0.165 0.279
20% 0 0.519 0.270 0.590 0 0.209
30% 0 0.450 0.274 0.759 0 0.105
40% 0 0.391 0.365 0.832 0 0
50% 0 0.482 0.457 0.650 0 0
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6. Conclusions

This paper introduces a framework for a decentralized local flexibility market at the distribution
level (Flex-DLM), operating at the day-ahead (DA) and real-time (RT) periods, which aids the DSO
in mitigating expected congestions in the following day and sudden congestions occurring in the
real-time. The contribution of this paper lies in considering the uncertainty of demand in the day-ahead
period, which can affect the probability of congestion occurrence in the real-time operation. Therefore,
a probabilistic forecasting assessment process is proposed that is carried out by the DSO before calling
for the DA Flex-DLM. This process allows the DSO to assess the true need for obtaining flexibility
services based on the probability of congestion occurrence. Also, a new option is introduced in the
market, the right-to-use (RtU) option, that allows the DSO to reserve a specific amount of flexibility for
congestions with medium probability, to be called upon during the real-time if needed. The DSO aims
to minimize the total cost of procuring the flexibility services while considering the payback effect
and the network power flow constraints. For that purpose, three optimization processes take place in
the proposed framework. The first optimization process takes place in the DA Flex-DLM, where the
DSO optimizes its cost for purchasing flexibility for the highly probable congestions. The second
process also takes place in the same market but for the medium probability congestions, where the
DSO optimizes its cost of reserving the RtU option considering the probability of the congestion.
The final optimization process takes place in the RT Flex-DLM, where the DSO buys flexibility services
for unexpected congestions.

The proposed framework is implemented on a real distribution feeder from an electricity network
in Spain. The daily probabilistic assessment allows the DSO to identify the hours with high and
medium probabilities of congestions occurrence. Accordingly, the DSO calls for the DA Flex-DLM to
procure firm flexibility for the highly probable congestions and uses the RtU option for the medium
probability congestions. In addition, the DSO calls for the RT Flex-DLM to mitigate unplanned
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congestion that were not accounted for in the day-ahead period. Finally, an assessment is carried out
to show how the penetration level of flexibility can affect the DSO’s cost.

The main findings of the work in this paper can be summarized as follows:

• Congestions can be efficiently managed with the introduction of demand flexibility services as a
tool for the DSO to mitigate network congestions.

• The payback effect and grid power flow constraints are key to realistically model the process of
demand flexibility trading.

• Day-ahead wholesale market solution is subject to forecasting errors from generation and demand
profiles, which can lead to an inaccurate estimation of the network congestions in the following
day and unnecessary procurement of demand flexibility. Thus, the DSO needs to carry out its
own forecasting process to ensure the need for obtaining flexibility services.

• Demand consumption deviations during real-time are bound to happen, which can cause
unforeseen network congestions. As a result, the DSO requires real-time flexibility markets
to be able to mitigate such congestions.

• The amount of available flexibility, or the penetration level of flexibility as described before, has a
high impact on the DSO’s optimization process and final cost of purchase. More availability can
be beneficial for all involved parties, as it means less cost for the DSO to pay and better operation
for its grid and more income for the aggregator and the customers.
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Nomenclature

Indices:
n,m Indices for nodes
t, i Indices for time
Constants:
Nn Number of nodes in the system
Nb

n,t Number of flexibility blocks at node n and time t
Optimization variables:
Fn,k,t Flexible active power in node n, at block k and hour t (MW)
CF

n Total cost incurred by the DSO due to flexibility activations at node n during the DA and RT period (€)
CF_DA

n Cost of firm flexibility traded at node n in the DA Flex-DLM in day-ahead time (€)
CF_RtU

n Cost of flexibility from the right-to-use option traded from node n from in the DA Flex-DLM (€)
CF_RT

n Cost of firm flexibility traded at node n in the RT Flex-DLM in real-time (€)
Other variables:
Pnetn,t Net injected active power at bus n, at hour t (MW)
Qnetn,t Net injected reactive power at bus n, at hour t (Mvar)
Q_Fn,k,t Flexible reactive power in node n, at block k and hour t (Mvar)
PPB

n,t Active payback power for bus n at hour t (MW)
QPB

n,t Reactive payback power for bus n at hour t (Mvar)
Snm,t Apparent power flowing through line nm at hour t (MVA)
vn,t, δn,t Voltage magnitude and angle in node n at hour t (p.u., rad)
Parameters:
λDA

n,k,t Firm flexibility price in the DA Flex-DLM in node n, for block k and hour t (€/MWh)
λRtU

n,k,t Right-to-use reservation fee in the DA Flex-DLM in node n, for block k and hour t (€)
λact

n,k,t Flexibility price for activating the right-to-use option in node n, for block k and hour t (€/MWh)
λRT

n,k,t Firm flexibility price in the RT Flex-DLM in node n, for block k and hour t (€/MWh)
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αn Payback coefficient at node n (p.u.)
Smax

nm Maximum apparent power rating of line n-m (MVA)
Sbase Base power (MVA)
ynm, θnm Magnitude and angle of the (n,m) element of the bus admittance matrix (p.u.)
vmin

n , vmax
n Minimum and maximum value of voltage magnitude in node n (p.u.)

Fmax
n,k,t Maximum flexible power allowed in node n, at hour t (MW)

Ftot
n,t Total flexible active power activated from node n, at hour t (MW)
ρt Probability of occurrence for a given congestion at hour t.
ρmin, ρmax Minimum and maximum probability levels set by the DSO for the probabilistic forecasting assessment
Rn Aggregator revenue for selling the required energy to commit to the flexibility activation at node n (€)
CPB

n Aggregator cost for procuring the required payback power for node n (€)
An Aggregator net profit after all trading processes take place at node n (€)

λ
adj
t Adjustment market price at hour t (€/MWh)
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