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Abstract: Nowadays, problems facing Distribution System Operators (DSOs) due to demand
increase and the wide penetration of renewable energy are usually solved by means of grid
reinforcement. However, the smart grid paradigm enables the deployment of demand flexibility
for congestion management in distribution grids. This could substitute, or at least postpone, these
needed investments. A key role in this scheme is the aggregator, who can act as a “flexibility
provider” collecting the available flexibility from the consumers. Under this paradigm, this paper
proposes a flexibility market led by the DSO and aimed at solving distribution grid congestions.
The proposal also includes a flexibility market clearing algorithm, which is easy to implement, has low
computational requirements and considers the energy rebound effect. The proposed design has the
advantage of excluding the DSO’s need for trading in energy markets. Also, the solution algorithm
proposed is fully compatible with already existing grid analysis tools. The proposed electricity market
is tested with two case studies from a real Spanish distribution network, where the proposed clearing
algorithm is used, and finally, results are presented and discussed.

Keywords: aggregators; demand side flexibility; down-regulation flexibility; flexibility market;
up-regulation flexibility

1. Introduction

The deployment of new technologies to manage the grid operational levels, starting from the
generation and down to the demand level, is set to create a reliable, efficient and economic power
system. This is one of the main benefits of the current evolution of conventional electric grids
into smarter and more flexible ones. However, the wide penetration of low carbon technologies,
accompanied with the increase of electricity demand, has imposed many challenges on distribution
networks. Consequently, various market players and policy makers have encouraged the idea of
flexible resources as a way of coping with such challenges. New technologies such as intelligent smart
meters, autonomous load controllers and advanced information and communication automations,
are capable of providing sustainable minute-by-minute information to efficiently deploy demand
response (DR) programs [1,2].

DR are programs established to encourage end-user customers in adjusting their electric usage,
in response to changes in electricity prices over time, or incentive payments [3]. DR programs help
reducing electricity consumption at hours of high demand or uphold the reliability of electrical systems
when their security is jeopardized [4,5]. This paper focuses on demand side flexibility (DSF), which is
one of main types of incentive-based DR programs [6–8]. DSF encourages customers to actively
participate in electricity markets by submitting increasing or decreasing capacity volumes [9–11].
Moreover, DSF can be used as a portfolio optimization source for market players who need to meet their
energy requirements. Besides, it can provide balancing and constraint management services for system
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operators such as transmission and distribution system operators (TSOs) and (DSOs), to maintain
system reliability and security [12]. However, the deployment of DSF faces many challenges that vastly
impacts its value [13]. The absence of appropriate market mechanisms in current market structures is
one of the main causes of delaying its full potential [14]. Other considerations must be faced in insular
systems, where security issues are even more pressing than in large continental grids, as remarked
in [15], and a risk analysis is advisable in order to deal with them for the daily operational planning.
Besides, in insular systems, the DSO can dispatch generation and storage units.

The objective of this paper is optimizing the usage of DSF in a day-ahead timeframe at the
distribution level to assist the DSO in mitigating network congestions. There has been vast literature
addressing this issue, for example, a day-ahead planning framework for flexible demand bidding
strategies is introduced in [16]. The objective of the proposed model is to maximize the profit for the
flexibility providers by forecasting the aggregated load demand of customers and consecutively
building flexibility offers. Similarly, another short-term planning models for optimal flexibility
bidding are introduced in [17,18]. These studies focus on the effect of price elasticity on short-term
planning in the framework of day-ahead markets. A decision making problem for optimal flexible
energy resources scheduling to meet the DSO requests was suggested in [19]. The paper proposes
a new type of aggregator called smart energy provider (SESP) to handle all flexible energy sources.
Moreover, it presents a local electricity market for flexibility trading. Optimization models focusing on
maximizing the potential of DSF and the financial benefits for both, customers and system operators,
are addressed in [20–22]. Such studies have concluded that the efficient usage of DSF at the hours of
grid contingencies can alleviate such congestions, thus increasing the reliability of the grid operation.
Furthermore, DSF can help in deferring the need of grid reinforcements in many cases [23].

While the aforementioned studies are significant contributions, they mainly focus on the bidding
processes, bidding strategies and effects of price elasticity. However, less attention has been given
to the effects of demand flexibility in mitigating network congestions. In addition, two mutually
important key factors were absent in previous works. First factor has to do with grid power flow
constraints. In general, the optimal operation of transmission and distribution networks is controlled
by close monitoring of the power flow within the grid and the voltage levels at every node. Modelling
the grid constraints can be problematic due to its complexity. However, considering them is essential
to realistically model the impact of demand flexibility activations at the distribution level. Secondly,
in most cases when customers are asked to provide demand flexibility, their loads are shifted from one
point in time to another. This shift can alleviate one congestion and create another one by moving the
peak from high priced hours to low priced hours. This effect is regarded in literature as the rebound
effect or payback effect [24]. Such event is crucial to the flexibility beneficiaries as they must consider
the repercussions of activating flexibility services on their day-ahead operation.

The work presented here aims to build on what was carried out in [25–27] and further advance
towards presenting a realistic framework for demand flexibility management. The proposed
framework considers two types of demand flexibility, load increase and decrease volumes that can
be a valuable tool to the DSO in the congestion management process. In addition, the paper exploits
the demand flexibility that can be obtained from the industrial and residential sectors. Two real
distribution network feeders in Spain are used as case studies to show the advantages that demand
flexibility types can offer in the process of congestion solution, while minimizing the cost of flexibility
procurement for the DSO. The main contributions of this paper are:

• Proposing a simple but realistic model for a flexibility market operating at the distribution level.
This market serves as a platform for flexibility transactions and it facilitates the trading between
flexibility beneficiaries and providers. The flexibility market is operated by the DSO and it takes
place after the day-ahead wholesale market. The proposed market structure does not require
complex changes in regulations and it avoids the DSO’s need to participate in energy trading.

• Formulating and solving an optimization problem that models the total cost incurred by the DSO
when activating the flexibility services. The method is easy to implement and can be integrated
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with already existing Optimal Power Flow (OPF) solver tools. The grid power flow constraints
and the rebound conditions are considered and modeled. Therefore, the DSO always performs a
technical validation of the demand flexibility solution, avoiding unforeseen problems that can
arise from the rebound effect.

It must be remarked that the proposed flexibility market mechanism does not deal with security
issues that must be solved using a different method, even without making use of market solutions.
A risk analysis should be performed in order to meet the security requirements of a distribution system
when demand response is considered. This analysis, however, is out of the scope of the paper.

The organization of this paper can be described as follows. In Section 2, an overview about
demand flexibility is given along with the stakeholders involved in its paradigm. In Section 3,
the proposed flexibility market is introduced and explained. Section 4 discusses the problem
formulation regarding optimizing the cost of purchasing DSF. Moreover, Section 5 carries out a
detailed two-case study to highlight the merits of DSF in efficiently managing grid congestions. Finally,
Section 6 concludes the paper.

2. Demand Flexibility Overview & Stakeholders

Flexibility can be defined as the ability of adjusting generation and/or consumption profiles
in response to external market signals. It can be utilized to provide energy balancing services for
TSOs and balance responsible parties (BRPs), power quality control or, as proposed here, congestion
management [11]. Demand flexibility has been used for many years at the transmission level in some
countries, and expanding it to the distribution level is becoming feasible and convenient. However,
a number of challenges must be addressed to allow its implementation [28]. In this section, the different
kinds of flexibility used, the stakeholders involved and the roles that they can play in flexibility markets
are described.

2.1. Demand Flexibility Types

The shape, quantity and direction of available flexibility may vary depending on the type of
the customer. Such features determine the way flexibility is integrated into electricity markets [29].
Here, demand flexibility is addressed from the DSO’s perspective. Since the flexibility offered by the
demand side can take the form of either increasing or decreasing the load, two kinds of flexibility are
defined, named up-regulation (UREG) and down-regulation (DREG) flexibility. Customers offering
UREG flexibility provide load reduction volumes, while customers offering DREG flexibility provide
load increase volumes. In a market-oriented approach for flexibility management, such as the one
considered here, these volumes can be translated into up-regulation bids (URB) and down-regulation
bids (DRB) respectively and can be offered for sale to other market participants.

Demand flexibility consists of increasing or decreasing the load at one hour, which then may
require shifting that amount to another hour. This shifting of energy may produce further problems in
the grid, for instance, if the reduced energy due to UREG flexibility is recovered by the customer at a
load peak hour, producing further congestion. This can be referred to as the energy rebound effect [30].
Thus, it is essential for the DSO to consider the rebound effect properly when managing demand
flexibility. Moreover, the conditions under which the rebound effect takes place should be agreed
upon between the flexibility supplier and the DSO. The rebound conditions considered here are the
rebound hour and the rebound power. The rebound hour is the hour at which the regulation power is
shifted to, while the rebound power is the share of regulation power (UREG or DREG) that must be
recovered to the customer. The rebound conditions are dependent on the type of customers and the
nature of the load providing the flexibility. For example, the rebound power can either be equal to the
activated flexibility, or just a percentage of it. For the rebound hour, customers have the possibility of
deciding the most convenient hour to have the rebound power. Therefore, rebound hour can either be
a specific hour, or any hour during a time interval of the day or it can be unrestricted. Considering the
rebound effect of demand flexibility is crucial for the DSO to avoid possible subsequent problems in
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the network. However, it adds further complexities to the task of the DSO. In very large networks with
thousands of customers and possibly hundreds of aggregated flexibility bids, choosing the optimal bid
may require sophisticated mathematical methods and computing power.

In order to differentiate between the rebound power of both UREG and DREG flexibilities,
two different names will be assigned to each one of them. Since UREG requires supplying back the
regulation power at the rebound hour, the rebound effect will be referred to as the payback effect (PB),
with payback power at the payback hour [31]. On the other hand, as the DREG requires a decrease
of the load at the rebound hour, it will be referred to as the rebate effect (REB), with rebate power at
the rebate hour. As already mentioned, in certain cases the rebound effect may create new network
congestions. Such cases may occur if the PB creates unexpected new peaks, or when the REB decreases
the load leading to overvoltages. Table 1 summarizes the types of DSF with their corresponding type
of rebound effect. It should be noted that, while previous work has discussed the payback effect from
the perspective of UREG flexibility [24], there are no current studies that address the rebound effect in
case of DREG flexibility, up to the knowledge of the authors.

Table 1. Summary of DSF types.
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The involvement of the main stakeholders expected to be connected to the management of
demand flexibility is summarized in the following subsections.

2.2. Distribution System Operators (DSOs)

Demand flexibility allows the DSO to manage grid congestions by avoiding demand peaks.
This can possibly lead to deferring the need for network reinforcements [32], decreasing the total
capital and operation expenditures of distribution networks [33]. In addition, demand flexibility
provides more resources to manage the requirements of the increasingly high penetration of DERs
based on RES. One of the key factors to ensure the success of flexibility is having the necessary
coordination between the DSO and TSO. Such coordination is essential to avoid needles flexibility
requirements which can lead to further grid problems [34].

Here, demand flexibility is modeled and centered on tackling the issue of congestion management
at the distribution level. While there is a major potential for DSF in distribution systems, many
complexities and challenges arise, which must be addressed. For example, as highlighted in [35],
the large number of customers at distribution levels requires a state-of-the-art communication
infrastructure in order to gather all the information required from the participating customers.
Moreover, the current regulatory policies do not incentivize such smart grid solutions nor demand
response programs, and may hinder the full exploitation of demand flexibility [36]. A realistic
regulation must keep the basic principle of unbundling activities and limit the activities of the DSO to
those coming from its role as a natural monopolist. The market design proposal described in Section 3
of this paper is intended to preserve this essential point of current market architecture.
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2.3. Aggregators

Given the implementation of the appropriate regulation, the foreseen potential of demand
flexibility may be an attractive source of revenue for customers from different sectors. However,
the limited resources of many customers may impose certain challenges on their participation in
flexibility markets. In that case, aggregation services offered by an aggregator may be of use to these
customers. The aggregator has been defined in a general way as “a company who acts as an intermediary
between electricity end-users and DER owners and the power system participants who wish to serve these
end-user or exploit the services provided by these DERs” [37]. To limit the broad scope of that definition,
here an aggregator is considered as a company which helps electricity consumers to take part in
demand flexibility programs [38]. Its main responsibility is to collect demand flexibility from its
affiliated customers, aggregate it into flexibility bids, and trade such flexibility in flexibility markets
considering its and the customers’ best interest [39,40].

There are various responsibilities that the aggregator can take, other than aggregation [41–43].
Aggregators may take the roles of energy retailers or BRPs. Such many tasks assigned to the aggregator
can have advantages and disadvantages. One of the main disadvantages is that assigning the role of
retailing to the aggregator could allow him to exercise market power. Aggregators can deliberately
create bids in the day-ahead market that would result in network congestions, which then force the
DSO to activate their aggregated flexibility [38]. However, avoiding the issue of market power is rather
difficult even if the aggregator is not a retailer (for example, congestions that can be alleviated only by
one aggregator). Possible measures to mitigate such issue might be long term contracts, flexibility price
caps [19], and efficient monitoring of irregular market bids comparing them to DSO forecasts. Also,
the DSOs’ use of flexibility depends on its economic value compared to reinforcing the grid. Therefore,
aggregators will always be inclined to present flexibility prices in the allowed price range of DSOs.
On the advantageous side, aggregators remove the complex burden of market participation from the
customers by enabling them to deal with only a single entity [44]. As for the system, it is expected that
the aggregator would be responsible for the imbalances resulting between the actual and the forecasted
demand and generation, due to the flexibility activation. Thus, a more effective balancing operation
will be achieved if the aggregator acts as a BRP. Moreover, the overall efficiency of this arrangement
will be higher because of the economies of scope involved [37]. Some proposals consider this merging
of activities (flexibility manager, retailer and BRP) as a possibility, such as CENELEC [45] or VTT [38].

A contractual relationship must exist between the aggregator and the customers, where it would
comprise all details regarding their energy consumption, flexible loads that the aggregator can harness
from demand flexibility and the rebound conditions. In return, it is the aggregator’s responsibility
to present to the DSO the aggregated flexibility bids, including their rebound conditions. However,
the type of contractual agreement between the aggregator and the customers, and the methods of
interaction between them, falls out of the scope of this paper. Additionally, the strategies of aggregators
aimed to exercise market power are not considered. We assume that aggregators act in a rational and
fair manner.

2.4. Consumers

Consumers, or prosumers in case they are DER owners, are the main providers of demand
flexibility. Their participation in flexibility programs is dependent on the sector they belong to and
the type of loads involved. Flexibility sources have been characterized in CENELEC [45], from the
least to the most flexible, as uncontrollable, curtailable, shiftable, buffered and freely controllable.
Uncontrollable loads are not capable of providing flexibility [46]. Curtailable loads can offer demand
flexibility without the need of rebound conditions, as they are unshiftable. Shiftable loads can be
moved at any time during the day, but their rebound conditions must be met, as they are uncurtailable.
Here, only curtailable and shiftable loads for industrial and residential sectors are considered.

On average, industrial customers represent 2–10% of the total customers of a given grid. However,
they contribute to a 80% of the electricity consumption [47]. The potential of flexibility in the industrial
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sector, and the possible forms that it can take, has been investigated thoroughly in [7,48]. The level
of flexibility offered by the industrial customers can be affected by several factors, such as process
criticality, available production lines and production targets. For example, according to [49], industrial
productions of zinc, copper and aluminum are considered as curtailable loads. Other industries such
as cement mills and paper recycling can be shifted to either earlier or later times of the day. Thermal
industrial loads that depend on cooling or heating may be as well shifted, but in some cases only after
the flexibility activations.

The residential sector evolution from a passive to an active behavior can have a large impact
on the implementation of flexibility. With the ongoing technological advancements, the typical
households’ loads now are of various types, with a full range of flexibility to be harnessed. Typical
uncontrollable loads in households are such as microwaves and ovens, which are not capable of
providing flexibility [46]. Other loads such as lightings, TVs and computers are also not suitable
for flexibility, as they are frequently used during the day and disrupting their usage might cause
discomfort to customers. Cooling and heating appliances can be considered as curtailable and shiftable.
For short periods, room temperatures may not be highly affected if an air conditioning unit (AC) is
turned off; thus, rebound power may not be required. However, for longer periods, full rebound
power may be required when the desired room temperature is in need to be restored [50]. Similarly,
the thermal storage property of refrigerating appliances, such as refrigerators and freezers, can provide
direct flexible control, but they cannot be turned off for long periods of time since they are critical for
the customers’ comfort [51]. Shiftable loads, such as washing appliances, can be moved at any time
during the day, but their rebound conditions must be met as they cannot be curtailed [49].

3. Distribution-Level Flexibility Market

As any other commodity, demand flexibility needs a medium to facilitate its transaction between
the providers and the buyers. Therefore, reaching the full potential of flexibility requires efficient and
regulated flexibility markets. Previous studies have shown different approaches in implementing
the framework of flexibility markets. In the two part study [52,53], a novel market pool mechanism
was proposed, which enables flexible demand participation in current electricity markets. A Danish
day-ahead market structure called FLExibility ClearingHouse (FLECH) is proposed in [54]. This market
works in parallel to the existing market structure and its objective is to manage the DSF bids offered by
the aggregator to mitigate grid congestions. Similarly, a decentralized market-based instrument for
flexibility management called De-Flex-Market is proposed in [55,56].

The aim of this paper is to provide a more detailed market framework than the conceptual
work of the previous studies. This is achieved by clearly defining the flexibility market criteria and
operation scheme, defining the roles of the market players involved, considering the rebound effect
and its impact on the DSO’s decision, and addressing the imbalances that may arise from flexibility
activations. The market proposed here is called the distribution-level flexibility market (Flex-DLM)
and it is assumed to be running after the day-ahead market clearing. Usually, energy is scheduled
in day-ahead markets based on the offers and bids provided by the generation and demand sides
respectively. After the market clearing, system operators are able to detect possible grid contingencies,
which can be solved by modifying the initial market solution. In a similar way, the Flex-DLM operates
in a day-ahead timeframe and it is designed to participate in the congestion management process
at the distribution level. After the day-ahead market clearing, the DSO can identify the upcoming
network violations and consequently activates the flexibility call. In the Flex-DLM, the aggregator
presents its aggregated flexibility bids and the flexibility market operator clears the market to solve the
network constraints. The congestion management process is classified into two main categories:

• Feeder overload management: Ensures that the network feeders do not reach its capacity limits,
which can be caused by electricity demand growth.
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• Feeder voltage/var management: Ensures that voltage levels and reactive power at feeders are
within acceptable limits. These limits can be violated due to high penetration of RES production
as well as local variations of generation and demand.

The Flex-DLM criteria and operation scheme are explained in the forthcoming subsections.

3.1. Market Criteria

The criteria for classifying flexibility markets, as proposed in [57], are those related to the temporal,
spatial, contractual, and price-clearing dimensions of trading. Table 2 presents the assumptions
considered for these dimensions in the proposed Flex-DLM. The operation of Flex-DLM can be linked
to the traffic light concept (TLC) introduced in [58,59].

Table 2. Flex-DLM dimension.

Dimension Definition

Temporal Operation in day-ahead timeframe.
Spatial Re-dispatch economic process (market-based optimization considering technical and locational constraints).

Contractual Power exchange trading that allows buyers and sellers to interact.
Price-clearing Pay-as-bid, as commonly used in congestion markets.

According to the TLC, the need of flexibility can be divided into 3 phases associated to the
traffic lights in which green refers to safe day-ahead operation, yellow refers to an expected network
congestion in the day-ahead operation and red refers to a direct risk to the stability of the system and
thus to the security of supply. Considering the TLC criteria, the Flex-DLM is operating at the yellow
phase, where the DSO has detected possible contingencies in the day-ahead operation and flexibility is
required to solve them. It can be expected that the solutions resulting from the Flex-DLM can change
in real-time according to the actual generation and consumption. However, the real-time operation
process and the emergency management fall out of the scope of this paper. For a proper consideration
of security issues, a risk-based analysis should be made in the operational planning. It should be
noted that while the Flex-DLM maybe simple in its format, it can be considered a mature and realistic
scheme for what flexibility markets should be in the future. Moreover, it values the aggregator role in
optimizing the usage of demand flexibility and it does not require complex regulatory changes.

3.2. Operation Scheme

The general scheme for the proposed operations, as well as the actors and the time sequence
for the day-ahead timeframe, is illustrated in Figure 1. It should be noted that the paper only deals
with the shaded blocks of that figure. The actors involved in such timeframe from bottom to top are:
the customers; the aggregator, the energy market operator, who is responsible for clearing the wholesale
day-ahead market; the flexibility market operator, who is responsible for clearing the Flex-DLM; and
finally, the DSO, who is the operator of the distribution grid.

In the Flex-DLM framework, it is assumed that the aggregator is also the energy retailer and
the BRP. As an energy retailer, the aggregator participates in the day-ahead market to purchase the
required energy for its customers. Once the energy market operator clears the market, the provisional
schedule is sent to the DSO for technical validation. Based on such schedule, the DSO can forecast
forthcoming grid contingencies occurring on the following day of operation. Consequently, a flexibility
call is activated, and all aggregators are notified. The role of clearing the Flex-DLM can be carried out
by a separate market entity. However, here it is assumed that this role is carried out by the DSO in order
to simplify the flexibility trading process. As a result, after all aggregators submit their flexibility bids,
the DSO clears the Flex-DLM and then the aggregator receives the Flex-DLM solution. The market
solution should consist of the accepted flexibility bids and the time when the rebound energy can
take place, thus allowing the aggregator to adjust the flexible loads accordingly. The flexibility bids
modeled here (whether UREG or DREG), offered at a particular node n for a trading period time t,
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consist of a number of k blocks of flexibility amounts PUREG/DREG
n,k,t , with different prices λUREG/DREG

n,k,t
ordered in a non-decreasing manner, and the rebound conditions. The rebound conditions must define
two main factors: the rebound hour and rebound power. The rebound hour can take place at any hour
during the day, i.e., unrestricted, or it can be time restricted to a specific hour or interval. The rebound
power can either be equal to or only a part of the flexibility activated. Table 3 illustrates an example for
an aggregated DSF bid consisting of 3 blocks and the given possibilities of the rebound conditions.
It must be remarked that the additional information required by the DSO to run this market is small
compared to the amount of information the DSO is already managing.
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At the moment, literature about flexibility pricing is limited. The work in [44] provided a proposal
for valuing demand elasticity. In this paper, demand flexibility trading is different from the normal
electricity trading in wholesale markets. In order to comply with the Flex-DLM solution, aggregators
must carry out further energy trading processes in forthcoming adjustment markets to balance the
energy differences arising between the energy already bought by the aggregator in the day-ahead
market and the adjusted new load profile after the Flex-DLM clearing. The aggregator will be also
responsible for acquiring the rebound power (payback or rebate) for its customers. Therefore, as a BRP,
the aggregator takes the responsibility of trading these differences in adjustment markets. In this
arrangement, demand flexibility can be regarded as a trading of service and not a trading of energy,
since it is the aggregator who trades the energy in future adjustment markets. This framework
differs from other approaches, for instance for insular systems [15], where the DSO directly commits
the generation and makes use of the demand response to solve congestion and security problems.
In the proposed Flex-DLM scheme, hence, the prices of flexibility services can be independent of
the day-ahead market marginal prices. However, the flexibility prices can be affected by the level
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of competition between different aggregators in flexibility markets. Also, they can be limited by
the maximum prices that the DSO will be willing to pay in order to avoid investing in network
reinforcement. The operation scheme of the Flex-DLM limits the DSO role to clearing the Flex-DLM
and choosing the optimal bids to balance its network. This is consistent with the current regulatory
policies that do not allow the DSOs’ participation in energy trading. Table 4 illustrates the trading by
the DSO and the aggregator across the markets involved in the proposed scheme.

Table 4. Energy trading across markets.

Participants
Markets

Day-Ahead Market Flex-DLM Adjustment Markets

DSO - Buys flexibility -

Aggregator Buys energy for
customers Sells flexibility Buys/sells energy to adjust differences

and supply rebound power for customers

4. Optimization Problem

4.1. Problem Formulation

The optimization problem modeled here aims to minimize the DSO’s total cost of acquiring DSF.
The two types of flexibility considered are UREG flexibility and DREG flexibility, which can be needed
for solving problems of feeder overload and overvoltages, respectively [11]. In addition, the rebound
effect is taken into consideration for both types of flexibility. In accordance with Spanish electricity
markets criteria, trading periods of one hour are considered. The objective function is formulated as in
(1). As already mentioned, the DSO is acting as the flexibility market operator. Thus, it is the DSO’s
responsibility to clear the Flex-DLM considering the constraints described in (2)–(8):

Min
PUREG/DREG

n,k,t

24

∑
t=1

Nn

∑
n=1

Nb
n,t

∑
k=1

PUREG/DREG
n,k,t λUREG/DREG

n,k,t

 (1)

Pnetn,t +
Nb

n,t

∑
k=1

PUREG
n,k,t −

Nb
n,t

∑
k=1

PDREG
n,k,t − PPB

n,t + PREB
n,t = Sbase

Nn

∑
j=1

vn,t vj,t ynj cos(δn,t − δj,t − θnj), ∀t, n (2)

Qnetn,t +
Nb

n,t

∑
k=1

QUREG
n,k,t −

Nb
n,t

∑
k=1

QDREG
n,k,t −QPB

n,t + QREB
n,t = Sbase

Nn

∑
j=1

vn,t vj,t ynj sin(δn,t − δj,t − θnj), ∀t, n (3)

Sl,t ≤ Smax
l , ∀t, l (4)

vmin
n ≤ vn,t ≤ vmax

n , ∀t, n (5)

PUREG/DREG
n, t,MIN ≤ PUREG/DREG

n,t ≤ PUREG/DREG
n, t,MAX , ∀t, n (6)

PPB
n,t = ∑

i∈Ψt

Nb
n,i

∑
k=1

αnPUREG
n,k,i , ∀t, n (7)

PREB
n,t = ∑

i∈Ωt

Nb
n,i

∑
k=1

βnPDREG
n,k,i . ∀t, n (8)

The grid constraints are represented in (2)–(5). In (2) and (3), the active and reactive power balance
equations at any node in the system are modeled. In the proposed formulation, only the active power
is considered as an optimization variable in the DSF bids, while the reactive power is modeled to
adapt accordingly to maintain a constant power factor for each customer. The Equations (4) and (5)
reflect the network’s line capacities and the voltage magnitude bounds at any given node respectively.
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Equation (6) provides the maximum and minimum limits for the UREG and DREG power. Finally,
Equations (7) and (8) calculate the payback and rebate powers respectively as functions of the
UREG and DREG power and subject to the payback and rebate coefficients αn and βn respectively.
These coefficients calculate the share amount of UREG and DREG power needed at the payback
and rebate hours. In addition, the payback and rebate powers are calculated for every flexibility bid
activated having rebound power at time t. Sets Ψt and Ωt correspond to the activated bids for the
payback and the rebate at time t respectively.

The optimization problem modeled here advances on earlier studies in two main areas. First,
as the Flex-DLM operator, the DSO must consider the power flow equations in order to avoid activating
flexibility bids that are technically infeasible. This issue has not been considered in previous work
such as in [19,60]. The second area is the modelling of the rebound effect. As already mentioned,
the rebound effect can be a complex problem to handle, but it is essential to be considered since it
could affect the optimal market solution. This issue was absent in literature such as in [16,17,20].

4.2. Methodology

The objective function described in (1) can be challenging to solve for large networks due to the
intertemporal characteristic of the rebound effect. This means that before activating a DSF bid, the DSO
must first assess the possibility of further congestions occurring as a result of the rebound effect.
For large networks, with possibly a considerable number of flexible customers, such complications
increase exponentially, and the problem can become difficult to handle. An optimal approach to
address such a problem should be able to capture the intertemporal complexities, while not being time
consuming. In addition, it must ensure the technical feasibility of any activated flexibility bid and the
rebound effect. Therefore, the approach carried out here divides the optimization process into two
stages, in order to efficiently manage the aforementioned complexities given any number of customers.
The proposed method was briefly described in [27], and it will be summarized here.

First, it is important to clarify the concept of combination of bids. In a given network, with an
aggregator responsible for n number of aggregated DSF bids, there are 2n − 1 possible combinations of
DSF bids that may solve the network congestion. Each combination consists of a number of bids with
activated blocks, which include their own flexibility characteristics and rebound conditions. Thus,
the number of bids is directly proportional with the number of combinations. In order to narrow the
search space and avoid dealing with such many possibilities, the problem is relaxed and divided into
two stages. This would help reducing the execution time of the optimization problem.

• Stage 1—Preliminary Filtering

In order to narrow down the search space in the first stage, the rebound conditions are neglected
when filtering through the possible combinations. Thus, the objective becomes finding all feasible
combinations that can relieve the network congestion. This stage yields a preliminary group of
technically feasible combinations, which will then be used in the next stage to evaluate the rebound
conditions. A conventional enumerative approach of assessing all possible combinations can be used
to find the preliminary group of combinations. However, this can be time inefficient for large networks.
Here, a genetic algorithm (GA) is implemented as an efficient screening tool. GA uses the natural
processes of survival of the fittest such as evolution, mutation, selection and crossover to efficiently
filter through all possible combinations and find the feasible ones. The GA uses an optimal power flow
solver in order to assess the technical feasibility of the preliminary group. Thus, it can easily eliminate
all infeasible combinations that cannot solve the congestion faster than an enumerative approach.
Further details about GA can be found in [61].

• Stage 2—Rebound Conditions Evaluation

The second stage carries out an evaluation process to check the feasibility of the rebound
conditions and find the optimal rebound hour for the preliminary group of feasible combinations
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obtained from the first stage. Combinations that result into unfeasible operation at their respective
rebound hours are discarded and only the technically feasible combinations are considered. Therefore,
the DSO can select the optimal combination of bids with the minimum cost of activation. The evaluation
process carried out at this stage uses a branch and bound (B&B) technique to find the optimal rebound
hour for the activated bids in the preliminary combinations. The B&B uses an optimal power flow
solver to assess the technical feasibility of the rebound conditions. It is common that B&B often starts its
solution search by relaxing some of the problem constraints [62], which was applied here by reducing
the search space for the second stage.

The proposed optimization approach provides two main advantages: problem scalability and
integrability with any existing optimal power flow (OPF) solver. The optimization problem considered
here is scalable, as the number of customers may increase significantly depending on the distribution
network configuration and the congested network assets. Hence, it is crucial that the implemented
method have scalability characteristics to ensure reliable performance for larger and denser distribution
networks. The optimization process is modeled and integrated in MATLAB. The optimal power flow
problem (OPF) in both stages are solved by means of MATPOWER [63], which is a toolbox used to
solve OPF problems. The proposed methodology does not require a complicated OPF solver tool, as it
is not limited to using MATPOWER, and can be integrated with any existent OPF program. Figure 2
illustrates the two stages of the optimization process.
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5. Case Studies

The main purpose in this section is to present the proposed Flex-DLM and to show how the two
types of flexibility can contribute in the congestion management process. Two different case studies are
presented to illustrate the methodology proposed for making use of UREG and DREG in the congestion
management process. The case studies use real distribution feeders located in Spain. The real-life
data used here are related to the overall capacities of the network lines, line parameters and the load
consumptions of the network. However, the detailed information regarding the types of customers at
every node and their corresponding consumption are hard to obtain, as they require communication
infrastructure and data repositories. Thus, different assumptions were taken from [49,50,64], regarding
the types of customers, their corresponding loads at every node and the rebound conditions for every
flexibility bid. The objective is to show how the proposed methodology can handle the complexities
arising from having multiple flexibility bids with different rebound conditions.
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5.1. Flexibility Quantification

Before exploring the case studies, the method used to quantify the amount of available flexibility
from the industrial and residential sector is explained in this subsection. In order to clarify the
explanation, the number of blocks k was not considered in the subscripts since the flexibility amount
intended to be calculated here corresponds to the total amount of flexibility offered by each type
of customer.

• Industrial Customers

For the industrial customers, the amount of up and down flexibility regulation can be calculated
following (9) and (10). The UREG power is computed as in (9), with the difference between the load
at time t of service activation and the minimum load level for this customer. The DREG power is
calculated in (10) with the difference between the maximum load level and the load at hour t of service
activation:

PUREG
ind,t = Loadind,t − MinLoadind (9)

PDREG
ind,t = MaxLoadind − Loadind,t (10)

• Residential Customers

Quantifying the flexibility at the residential sector can be a very complex problem due to many
reasons. One of such is the massive amount of information and data required regarding every
flexible appliance at every household, which can be very difficult to acquire. To overcome the
lack of information and data, the load profiles of the flexible appliances are extracted from the
total load profiles of the residential customers. According to [50], the average share percentage
of flexible household appliances to the total consumption of the household varies between 15% to
52%. The appliances considered in this study are such as washing machines, air conditioning units,
refrigerators, freezers, dryers, and space and water heating appliances. It is not common for all
households to have all of these appliances; hence the share percentages vary. Next, the quantifying
process of the flexibility suggested in [49,64] is adopted here, where a value called the flexible share
was defined, which indicates the percentage of the flexible appliance load that can be either reduced or
increased. The use of the flexible share percentage is different when it comes to evaluating the flexibility
amount. The amount of flexible load that can be shifted, i.e., UREG, is calculated by multiplying the
flexible share percentage by the load of the flexible appliance. Since flexible appliances are constrained
by their installed capacity, the flexible share in case of DREG flexibility is multiplied by the unused
capacity of the flexible appliances, which is the difference between the total installed capacity of the
flexible appliances and their actual load. Therefore, the amounts of UREG and DREG for a single
residential customer at a time t with Nres_app flexible appliances are calculated as in (11) and (12):

PUREG
res,t =

Nres_app

∑
res_app=1

Loadres_app,t FlexShare
UREG
res_app,t (11)

PDREG
res,t =

Nres_app

∑
res_app=1

(InstCapresapp
− Loadresapp,t) Flex_ShareDREG

resappl,t (12)

5.2. Case Study I: Feeder Voltage Management by DREG Flexibility

Here, one of the small feeders of a distribution network in Spain operating at a 15 kV level is
used. The feeder has six main buses: bus 1 is connected to the main grid while the load buses are 2,
3, 4 and 6. The grid’s overall capacity is 6 MW and its topology is illustrated in Figure 3. The line
parameters r and x, corresponding to the per unit resistance and reactance considering a 100 MVA,
15 kV base, are as well given in Figure 3. Moreover, there is a solar PV plant connected at bus 6 with
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an installed capacity of 3.3 MW. In times of low load and high solar production, overvoltages may
take place in the grid. This overvoltage might force the system operators to install rather expensive
equipment to control the voltage levels to avoid PV generation curtailment or promote the use of
smart PV inverters [65]. Another solution could be the curtailment of PV, but this is not a common
approach in Spain, since renewable based generation are always given priority access in serving its
output power. The solution proposed here is using DREG flexibility, which can keep the voltage levels
in the permissible limits. In this feeder, two buses are assumed to be connected to customers providing
flexibility: bus 3 is feeding an industrial park and bus 4 is feeding a residential area of households.
The forecasted load demand and the solar PV production are illustrated in Figure 4, as well as the
actual day-ahead market prices in €/MWh, which are obtained from the Spanish day-ahead electricity
market [66]. It should be noted that the forecasted solar PV production, in Figure 4, represents a typical
sunny and cloudless day in the area where the network exists. Also, the values presented in the graph
correspond to the hourly average production and not to the instantaneous ones. The voltage limits for
the system are 1 ± 0.05 p.u. The expected hours to violate the voltage limits are hours 10, 11 and 12
with voltage levels reaching 1.051 p.u. Here hour 10 will be used to demonstrate the flexibility bids
construction and evaluation.
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Figure 3. Case Study I: Distribution network feeder.
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Figure 4. Forecasted load profile (MW) and PV solar production (MW) and actual day-ahead market
prices (€/MWh).

5.2.1. Creating the Flexibility Bids

The different nature of industrial and residential loads has a direct effect on the evaluation of the
amount of DREG flexibility. In order to highlight these differences, every type of customer will be
addressed separately to deliver a clear explanation of their effect.

• Industrial customers

The characteristics of the industrial loads are usually constrained by their production rate and
economic targets. The industrial park in the given network consists of several factories that can deliver



Energies 2018, 11, 1056 14 of 24

DREG flexibility, because their normal operation is beneath their full capacity. The installed capacities
of these factories were obtained from [49] and fit in the load profiles of the network feeder. The amount
of DREG power offered by every process in the industrial park is calculated using (10).

Table 5 presents the installed capacity for the factories considered and their loads at hour 10.
Moreover, it illustrates the amount of DREG power, their corresponding prices and the rebound
conditions consisting of the rebate coefficients and the time intervals for the rebate hour. The aggregated
bids at that node include 4 blocks of flexibility ordered in a non-decreasing manner according to their
accompanied prices. The difference in prices between the factories, as seen in Table 5, can be justified
as a measure of sensitivity to the changes in the operating plan. This means that blocks offered at low
prices reflect less sensitive operation to the activation of DREG flexibility. For example, the flexibility
offered by Fact1 is less sensitive than that of Fact2. In addition, it can be noticed that every factory
is assigned to a single price. In reality, factories can be assigned to multiple prices according to the
available flexibility they can offer and the sensitivity of their operation. However, assigning a single
price per factory here does not affect the optimization problem nor the results.

Table 5. Industrial area flexibility at hour 10.

Aggregated Bid Block
InstCapind Loadind,10 DREG Power DREG Price Rebound Conditions

MW MW MW €/MWh fin Rebate Hour Interval

DRB1

Fact1 0.314 0.104 0.210 67.26 0.8 7–16
Fact2 0.353 0.160 0.193 71.65 0.90 9–15
Fact3 0.712 0.417 0.295 72.79 0.95 12–20
Fact4 0.390 0.120 0.270 73.05 1 16–21

Total Total 1.769 0.801 0.968 -

• Residential customers

The residential area connected to bus 4 is assumed to have direct load control systems installed at
their side that allows the aggregators to directly control the flexible loads. Aggregators are capable
of bundling all the different flexible loads and accordingly constructs the flexibility bids. Moreover,
it is expected that not all customers have the same standard of comfort level. While some of them
are easily affected by flexibility activations, others can be less sensitive when their appliances are
activated for flexibility. Therefore, the prices that the aggregators assign to the flexibility reflect the
level of customers’ sensitivity to change their consumption pattern. Here, the aggregator bundles the
flexibility of the residential customers into five groups, where each group shares the same standard of
comfort level. The DREG power was calculated using (12), and the specific data concerning the flexible
appliances were obtained from [49,64]. Table 6 presents the total load of bus 4 at hour 10, the DREG
power and prices for every flexible group.

Table 6. Industrial area flexibility at hour 10.

Aggregated Bid Block
Loadres,10 DREG Power DREG Price Rebound Conditions

MW MW €/MWh fin Rebate Hour Interval

DRB2

Group 1

0.238

0.032 70.20 0.85 15–24
Group 2 0.028 71.25 0.85 18–20
Group 3 0.043 72.52 0.90 9–15
Group 4 0.038 73.19 0.95 10–13
Group 5 0.034 74.63 1 12–18

Total - 0.175 -

5.2.2. Flex-DLM Clearing

The Flex-DLM is cleared by the DSO once the aggregated bids are offered. The activated bids
should decrease the voltage magnitude levels of all buses to the allowable ranges, thus alleviating any
voltage constraint. In addition, the rebound conditions of these bids must not cause further network
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constraints during the day-ahead operation. According to Figure 4, the amount of flexibility needed
to match the forecasted solar PV output at hour 10 is 0.19 MW. The activated bids for hour 10 are
illustrated in Figure 5. The DSO’s optimal benefit will be activating an amount of 0.14 MW from the
aggregated bid of the industrial area, which is only a part of the first block as shown in Figure 5a,
and an amount of 0.06 MW from the aggregated residential bid, by full activation of the first two
groups as seen in Figure 5b. The difference between the activated DREG power and the amount of
flexibility originally needed accounts for the line losses taken into consideration within the formulation
and the optimization procedure. Table 7 summarizes the results of the Flex-DLM for the three expected
hours to suffer from overvoltage in the day-ahead operation and it provides the optimal hours for
the rebate to take place. The number of the buses providing flexibility in this network is not large,
therefore the complexity level here is not high and the computation time is short. However, this case
study shows that DREG flexibility service can be a very useful tool for the DSO to counteract the rise
of voltage levels due to the penetration of intermittent resources. In addition, since the rebate power
means a decrease in the load, the DSO prefers to shift it to hours when the peak is high. For example,
the first block of DRB1 is activated at hour 10, and given that the rebate power can take place any time
over the interval from 7 to 16, the DSO decides to move it to hour 16, which is one of the peak hours
along this interval.
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Table 7. Flex-DLM results for the day-ahead operation.

Aggregated Bids Block

Hour 10 Hour 11 Hour 12

PDREG
n,10

Flexibility
Cost Rebate PDREG

n,11
Flexibility

Cost Rebate PDREG
n,12

Flexibility
Cost Rebate

MW € Hr MW € Hr MW € Hr

DRB1 Fact1 0.14 9.41 16 0.37 24.43 15 0.21 13.59 14

DRB2
Group 1 0.032 2.24 20 0.022 1.56 21 0.013 0.94 22

Group 2 0.028 2.00 19 0.028 1.83 20 0.017 1.33 18

Total 0.20 13.65 - 0.42 27.82 - 0.24 15.86 -

5.3. Case Study II: Feeder Overload Management by UREG Flexibility

Another distribution network feeder in Spain is used here. The area addressed consists of 79 buses
with an annual demand of 109.25 GWh operating at 15 kV voltage level. This part of the grid is rather
large to include its topology here. Therefore, only the part needed for this case study is depicted in
Figure 6. The forecasted load profile for the day-ahead operation is illustrated in Figure 7, as well
as the actual day-ahead market prices in €/MWh obtained from the Spanish day-ahead electricity
market [66]. The total load profile of the grid is expected to exceed the maximum grid capacity, which
is 20 MW, thus the DSO is expected to suffer from multiple outages due to overloaded lines. Instead of
upgrading the grid to accommodate this increase in the load, UREG flexibility can assist the DSO in
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managing the grid during the hours when the load is expected to surpass the grid’s capacity. In the
day-ahead operation, the hours expected to suffer from overloaded lines are 19 and 20. Hour 19 will
be used to demonstrate the evaluation of UREG flexibility.Energies 2018, 11, x FOR PEER REVIEW  16 of 24 
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Figure 7. Forecasted load profile (MW) and network capacity (MW) and actual day-ahead market
prices (€/MWh).

5.3.1. Creating the Flexibility Bids

Similar to the previous case study, there are two main areas of the grid that can provide UREG
flexibility, an industrial area and a residential area. The flexibility bids from each area can be obtained
as follows.

• Industrial customers

The industrial area consists of three buses (30, 47 and 65), where every bus is feeding several
industrial factories. The data regarding the factories used here were obtained from [49]. Table 8
presents the installed capacities for the factories, the loads at every bus at hour 19, and the UREG
power and prices.
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Table 8. Industrial area flexibility at hour 19.

Aggregated Bids Bus Block
InstCapind Loadind,19 UREG Power UREG Price Rebound Conditions

MW MW MW €/MWh ffn Payback Hour Interval

URB1 30 Fact1 2.541 1.983 1.220 88.63 0.9 9–12

URB2 47
Fact2 0.628 0.477 0.080 86.71 0.90 15–20
Fact3 0.781 0.497 0.120 90.54 0.95 12–18
Fact4 1.425 1.014 0.089 98.19 0.95 17–20

URB3 65
Fact5 1.151 0.879 0.016 83.65 0.80 18–24
Fact6 1.242 0.953 0.021 94.36 0.85 12–20

Total 7.768 5.803 1.546 -

Based on [49], industrial factories can have different preferences when it comes to the rebound
conditions. Since the specific data concerning the industrial factories in this network are unavailable,
the rebound conditions are assumed values in order to show the merits of the proposed methodology.

• Residential customers

The residential area is situated at buses 52, 54 and 69. The households at every bus are divided into
subgroups sharing the same standard of comfort level and aggregated based on their sensitivity to the
activation of flexibility. Thus, households with low comfort levels have their flexibility offered at lower
prices than households with higher comfort levels. The UREG flexibility bids are illustrated in Table 9,
which are calculated based on the flexible appliances data obtained from [49,64], and the total load at
every bus. The aggregated flexibility bid from the residential customers consists of multiple load types
from different households. Similar to the industrial area, the rebound conditions for the flexibility bids
are assumed in order to reflect the diversity that may arise from different flexibility appliances and to
show its impact on the DSO’s final decision. As already mentioned, the assumed rebound conditions
do not undermine the case study, as they can be changed according to data availability.

Table 9. Residential area flexibility at hour 19.

Aggregated Bids Bus Block
Loadres,19 UREG Power UREG Price Rebound Conditions

MW MW €/MWh ffn Payback Hour Interval

URB4 52
1

1.943
0.135 85.18 1 12–16

2 0.157 92.45 0.95 13–17

URB5 54
3

1.619
0.111 88.63 0.90 10–16

4 0.027 97.43 0.95 12–14
5 0.129 98.19 1 11–14

URB6 69
6

1.608
0.107 80.98 0.95 19–24

7 0.026 81.20 1 18–24

Total 5.17 0.692 -

It can be noticed that the UREG flexibility prices are higher than the DREG flexibility prices,
which emphasizes that the flexibility services prices are not related to the actual prices of the electricity
markets. The difference in prices may be due to different contracting agreements, or the high level of
competition between the aggregators at both networks.

5.3.2. Flex-DLM Clearing

In this network, there are four feasible combinations of bids resulting from the first stage of
the optimization process. As previously discussed in Section 4.2, their rebound conditions are not
considered when obtaining the preliminary group of feasible combinations. An example for two of
these combinations of bids is shown in Figure 8. Even though the total amount of flexibility activated
for all the possible combinations from stage 1 are almost equal, their rebound conditions are what
determine the final result. The constraint of having specific time intervals for the payback power can
limit the options on the DSO. Thus, after assessing the feasibility of the rebound conditions for all the
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combinations in the preliminary group, including the ones presented in Figure 8, it was found that the
rebound conditions of some of them were causing further network congestions at hours 11 to 14.Energies 2018, 11, x FOR PEER REVIEW  18 of 24 
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The optimal combination of bids whose rebound conditions were found feasible is illustrated
in Figure 9. In such combination, the whole flexibility offered in the first bid of the industrial area
is activated, thus reducing the load by an amount of 1.220 MW, as seen in Figure 9a. Moreover,
the flexibility from the second and third bids was activated with amounts corresponding to 0.284 MW
and 0.037 MW respectively, as seen in Figure 9b,c. The first and third bids from the residential area were
activated in full with amounts corresponding to 0.292 MW and 0.133 MW, as illustrated in Figure 9d,f.
Only the first block from the second residential bid was activated with an amount of 0.111 MW as
shown in Figure 9e. The total amount of flexibility traded at this hour corresponds to 2.07 MW,
which accounts to the amount of load reduction needed by the DSO to relieve the congestion of the
overloaded lines within the grid, while considering the line losses. Table 10 sums up the market results
at hour 19 and 20, respectively. It presents the amount of UREG flexibility traded from every bid with
its corresponding cost and the optimal hour of payback for the activated bids. As already mentioned
in Section 4.2, an enumerative approach can be used for the first stage of the optimization problem,
which takes approximately 16 s to solve. However, the computation time decreases by 30% when
the proposed GA searching tool is used, which takes 12 s to solve. The modelling and optimization
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process were carried out on a CPU with Intel(R) Core(TM) i7-6700 CPU @ 3.40 GHz. Even though the
given network has only 6 buses as sources of flexibility, the proposed optimization methodology is
flexible to handle more buses offering flexibility, as explained in [27]. In reality, the DSO is expected to
manage several feeders at the same time, where every feeder consists of hundreds of buses, which can
increase the size of the optimization problem. Thus, an effective and time efficient optimization tool
must be used to handle such complexity.
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Table 10. Flex-DLM results for day-ahead operation.

Aggregated Bids Block

Hour 19 Hour 20

PUREG
n,19 Flexibility Cost Payback PUREG

n,20 Flexibility Cost Payback

MW € Hr MW € Hr

URB1 Fact1 1.220 108.21 9 1.326 119.87 9

URB2

Fact2 0.080 6.98 16 0.123 11.24 15
Fact3 0.120 10.85 17 0.211 20.82 17
Fact4 0.084 8.24 18 0.016 1.75 17

URB3
Fact5 0.016 1.34 18 0.099 8.52 18
Fact6 0.021 1.99 16 0.111 11.13 17

URB4
Group 1 0.135 11.49 15 0.126 11.58 15
Group 2 0.157 14.54 15 0.147 14.38 16

URB5 Group 3 0.111 9.84 16 0.104 9.64 15

URB6
Group 6 0.107 8.70 24 0.101 8.65 24
Group 7 0.026 2.11 24 0.024 2.14 23

Total 2.077 184.29 - 2.39 219.72 -

6. Conclusions

The objective of this paper is to propose a market for flexibility transactions that facilitates the
trading between the DSO and the aggregators, who are bidding on behalf of their customers. The paper
explains demand flexibility and classifies it into two types of flexibility namely up-regulation and
down-regulation flexibility, which correspond to decreasing and increasing load volumes, respectively.
Both can be valuable tools for the DSO when trying to mitigate network constraints at the distribution
level. In addition, the rebound effect that is linked to both types of flexibility is defined and explained.
The main stakeholders that are involved in the flexibility transactions are as well identified and their
roles and responsibilities are shown. In order to ensure an effective trading for flexibility, a market for
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flexibility is proposed, which takes place in the day-ahead timeframe after the main wholesale market
is cleared. The proposed market, named Flex-DLM, presents a simple but realistic scheme for what
flexibility markets could be in the future. In addition, the Flex-DLM highlights the important role of
the aggregator in maximizing the potential of demand flexibility and it does not involve the DSO in
energy trading. Also, the Flex-DLM does not require complex regulatory changes which makes it easy
to implement. Only the task of market clearing is assigned to the DSO, while balancing the differences
between the market solutions before and after flexibility activations is assigned to the aggregator.
Moreover, the proposed operation scheme of the Flex-DLM highlights the fact that demand flexibility
trading should not be regarded as a trading of energy, but rather as a trading of a service.

The DSO responsibility as the Flex-DLM operator involves optimizing its purchase for demand
flexibility, while ensuring that the flexibility activated alleviates the network constraints expected
to occur and that the rebound conditions do not cause further network congestion. Therefore,
an optimization problem is formulated that models the total cost incurred by the DSO for activating
flexibility. The added value of such optimization problem is that it considers two important factors
which are frequently not considered in previous literature. These two factors are the modelling of the
grid power flow constraints and the complex rebound effect. The problem can be complex to handle
for large networks with hundreds of customers and complex rebound conditions. The optimization
methodology proposed here uses a combination of genetic algorithms and branch and bound
techniques to solve the problem. Also, the proposed approach has the advantage of scalability,
where it can be implemented on larger networks and its computation time is not largely affected
when the problem size increase. In addition, the approach does not require complex optimal power
flow solver tools to be modeled, it can be integrated with ready-made tools and a limited amount of
additional information and computation capacity are needed.

Two case studies were carried out using two real distribution network feeders in Spain in order
to illustrate how the proposed methodology takes advantage of the two types of demand flexibility,
UREG and DREG, in the congestion management process. In the first case study, the distribution
network suffers from occasional overvoltages due to the high penetration of solar PV power plant.
Since the renewables are given priority access for serving their energy in Spain, the optimal solution
for the DSO will not be curtailing the solar PV energy, but rather installing voltage regulators that can
be expensive. The solution proposed for such problem is activating down-regulation flexibility, where
load increase volumes can be procured by the DSO to sustain the voltage levels in the permissible
range. Even though this case study does not have a large network, the effect of the down-regulation
flexibility can be achieved as the flexibility activated assisted the DSO in managing the voltage levels
of its network. The second case study highlights the value of up-regulation flexibility for the DSO
in managing feeders’ overloads. The large network presented has a forecasted consumption at the
day-ahead operation that is overloading some of the lines. The up-regulation flexibility offered
by the customers can assist the DSO in avoiding overload congestion in the network. While there
are many feasible solutions for relieving this congestion, the rebound conditions imposed further
congestions in the network for some of these solutions. Thus, the optimal solution can be activated
by the DSO. The proposed optimization saves a considerable amount of time as opposed to using
a conventional technique.

The flexibility market proposed in this paper operates in the day-ahead timeframe. However,
the grid congestions forecasted at this time might not take place and the DSO could need a different
amount of flexibility. The proper consideration of the uncertainties of the forecasting process would
require probabilistic optimization algorithms and a proper risk management method. This is the
subject of future research.
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Nomenclature

Indices:

j, n Indices for nodes

t Index for time

Constants:

Nn Number of nodes in the system

Nb
n,t Number of flexibility blocks at node n at time t

Optimization variables:

PUREG/DREG
n, k,t Up/Down flexibility regulation active power in node n, at block k and hour t (MW)

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)

QUREG/DREG
n,k,t Up/Down flexibility regulation reactive power in node n, at block k and hour t (MW)

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

PREB
n,t Active rebate power for bus n at hour t (MW)

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

QREB
n,t Reactive rebate power for bus n at hour t (MW)

Sl,t Apparent power flowing through line l at hour t (MVA)

vn,t, δn,t Voltage magnitude and angle in node n at hour t (p.u., rad)

Parameters:

λUREG/DREG
n,k,t_flx Up/Down flexibility regulation price in node n, at block k and hour t (€/MWh)

αn Payback coefficient at node n (p.u.)

βn Rebate coefficient at node n (p.u.)

Smax
l Maximum apparent power rating of line l (MVA)

Sbase Apparent power base value (MVA)

ynj, θnj Magnitude and angle of the (n,j) element of the bus admittance matrix (p.u.)

vmin
n , vmax

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

PUREG/DREG
n, t,MIN , PUREG/DREG

n, t,MAX Minimum and maximum up/down flexibility regulation power allowed in node n, at hour t (MW)

PUREG
ind,t Up-regulation flexibility power offered by an industrial customer at time t (MW)

PDREG
ind,t Down-regulation flexibility power offered by an industrial customer at time t (MW)

Loadind,t Load of industrial customer at time t (MW)

InstCapind Installed Capacity of flexible load of industrial customer (MW)

Min_Loadind Minimum load level of industrial customer (MW)

Max_Loadind Maximum load level of industrial customer (MW)

PUREG
res,t Up-regulation flexibility power offered by a residential customer at time t (MW)

PDREG
res,t Down-regulation flexibility power offered by a residential customer at time t (MW)

Loadres,t Total load of residential customer at time t (MW)

Loadres_app,t Load of the flexible appliance of residential customer at time t (MW)

InstCapres_app Installed Capacity of flexible appliance of residential customer (MW)

Flex_ShareUREG
res_app,t Flexible share of the flexible appliance of residential customer that can be used for up-regulation (%)

Flex_ShareDREG
res_app,t Flexible share of the flexible appliance of residential customer that can be used for down-regulation (%)
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