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A B S T R A C T

In this paper, five of the main design challenges of local flexibility markets (LFMs) for congestion management
are identified and discussed based on desirable market properties from economics theory and literature
review. The five main design challenges are low market liquidity, reliability, baselines, forecast errors at low
aggregation levels, and the high cost of measurements. A comprehensive capacity-limitation based LFM design
has been proposed to address the challenges and a simulation example is presented to illustrate the design.
The proposed design facilitates market participants’ decision making by design elements that improve market
liquidity, reliability and handling of forecast errors. Moreover, a new capacity limitation product is proposed
that is not defined with respect to a baseline and does not require sub-meter measurements leading to lower
costs and conflict-of-interest in delivery validation. Generic algorithms are also proposed for calculating utility
and cost of the flexibility product. The proposed design and discussions can contribute to improving the inter-
disciplinary area between engineering and economics while helping policy-makers and LFM stakeholders to
further understand the problem from a multi-dimensional perspective.
1. Introduction

Three main trends in the current electricity system transition are:
increasing penetration levels of stochastic renewable energy sources
(RES), electrification of other sectors such as transport [1] and heating,
and a more active control of distributed energy resources (DERs) that
can increase the load concurrency [2]. These trends can cause chal-
lenges such as congestion or voltage-limit violations in the electrical
distribution grids. As the distribution system operators’ (DSOs’) core
responsibility is providing a reliable, secure, and efficient distribution
network [3], addressing congestion and voltage-limit violations are
essential. Additionally, alleviating such local issues can support the
transition in the energy system by allowing a faster and larger elec-
trification and penetration levels of DERs. If these issues are alleviated
by cost efficient methods, the transition costs related to the need for
grid reinforcements can be reduced [4].

There are different solutions proposed for these challenges including
grid reinforcements, market-based solutions, innovative tariff designs,
rule-based approaches, active network management, or comprehensive
methods including a mixture of solutions [5,6]. The market-based
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Programme under grant agreement no. 864048.
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solutions have been recognized and promoted by regulators and other
actors in Europe. For example, the European Parliament has promoted
market-based solutions in Article 32 of the Electricity Market Directive
(2019/944) of the EU clean energy package [3]. The Association of
European Energy Exchanges has mentioned market-based solutions
as the most efficient approach to match the supply and demand for
flexibility [7]. Moreover, market-based solutions are identified as being
part of the solution by Council of European Energy Regulators [6].

Local flexibility markets (LFMs) are an example of market-based
solutions. However, the design of these markets are accompanied by
various challenges. This paper aims to identify the common challenges
in the design of LFMs for alleviating congestion in distribution networks
and propose solutions in the form of a comprehensive market design
and an illustrative simulation example.

To identify the design challenges and their importance, an overview
of desirable market properties in economics theory is essential. Mech-
anism design is a branch of economics with applications in different
contexts such as agreements, voting, privatization, and markets. This
branch focuses on starting from suitable outcomes of an economic
institute and asks how it can be designed to achieve the outcomes.
vailable online 4 January 2024
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Table 1
Negatively-impacted desirable market properties as a result of the common LFM design challenges. Abbreviations are IC: Incentive compatibility, and GR: Group rationality.

LFM design challenges Impacted market property Reason

Low market liquidity IC Potential gaming
GR Uncertainties in supply/demand

Reliability concerns IC Potential low liquidity due to reliability concerns leading to potential gaming
GR Uncertainties in supply/demand hindering market access for risk averse actors

Baselines IC Potential gaming through baselines
GR Conflict of interests, and transparency issues

Forecast errors GR Extra costs due to failures in delivery, or wrong estimations for the required/available service quantity

High measurement and ICT costs GR Extra costs for sub-meter measurement and communication besides higher system complexity
The general desirable properties of a mechanism in the context of local
markets are presented in [8,9], including:

• Efficiency: The mechanism should maximize the social welfare of
its participants considering their revealed preferences.

• Incentive compatibility: The mechanism should be designed to
incentivize the participants for declaring their true preferences
(e.g., the true cost/utility).

• Budget balance: The mechanism should be designed in a way that
its operator would have neither deficit nor excess in its financial
balance.

• Group rationality: A desirable mechanism should be designed in a
way that no individual or group of participants would be willing
to separate from the market to obtain larger benefits. The result
of such a property is the stability of the mechanism.

ince LFMs are economic mechanisms, these desirable properties can
e used for explaining how design challenges can affect the perfor-
ance of these mechanisms through impacting these desirable proper-

ies. Additionally, these properties can support analyzing the available
FM designs in the literature to identify the gap in addressing these
hallenges.

.1. Common challenges in LFM design

This subsection identifies common LFM design challenges and their
mpact on the desirable market properties. The challenges are iden-
ified by reviewing proposed LFM designs, experiences from different
rojects, and workshops with DSOs in the FlexiGrid project [10]. The
hallenges below are commonly mentioned:

1. Low market liquidity
2. Reliability concerns
3. Challenges regarding defining baselines for a baseline-based flex-

ibility product
4. Forecast errors due to low aggregation levels
5. The high costs concerning the need for extra measurements and

information and communication technology (ICT) infrastructure.

Low market liquidity is commonly mentioned in various studies
uch as [11–15]. The low liquidity can be due to the geographical
imit of the local markets, and a lack of available flexible resources
n the transition phase of end-users becoming flexible and LFMs being
dopted [14]. A less liquid market is less competitive, and more prone
o instability [16] and market manipulation [17]. Thus, if the LFM as

whole can be seen as a mechanism, the desirable market property
f incentive compatibility can get affected as a result of low market
iquidity. Low liquidity can also lead to uncertainties in supply or
emand that can affect the willingness to engage and thus negatively
mpact the group rationality property. While low liquidity can impact
ncentive compatibility and group rationality, efficiency would not be
ffected as it is defined based on declared costs/utilities. These points
re summarized in Table 1.

The reliability challenge is partially linked to low liquidity and
2

ecurity of supply for flexibility which is crucial for DSOs to ensure a
reliable, secure, and efficient distribution network as their core respon-
sibility [3]. The local markets are especially presented as a substitute
to grid reinforcements [18] that cannot be implemented over-night if
there is a lack of flexibility. On the other hand, the flexibility service
providers (FSPs), including property managers and real estate owners,
can have reliability concerns for return of investments considering a
lack of (flexibility) demand and uncertain revenue streams [12,19].
Moreover, FSPs can be risk averse as flexibility provision can negatively
affect the comfort of their tenants [18,20]. Low liquidity and security
of supply/demand can affect market reliability and hinder market
access for more risk averse actors. Consequently, as summarized in
Table 1, it impacts the group rationality property as it can lead to
participants leaving the market or not being willing to join. Moreover,
market liquidity and thus incentive compatibility of the market can be
impacted if there are not sufficient incentives and reliability for the
participants in the local markets.

The challenges with baseline are mentioned in various sources such
as [11,21,22]. [21] evaluates different methods for defining baseline
and argue why baselines are not suitable for LFMs based on four
criteria of transparency and simplicity, inclusive use of flexibility,
manipulation-proofness, and compatibility with continuous and smart
control of flexibility resources. They conclude that the baseline-based
flexibility products are not aligned with active participation of dis-
tributed energy resource (DER) owners in different markets because
finding admissible days for calculating the baseline would be more
challenging. Moreover, they highlight that these products can cause
uncertainty, complexity, potential market manipulations, and conflict
of interests between the stakeholders. As presented in Table 1, the base-
lines, if not coordinated properly, can impact the incentive compatibil-
ity due to potential market manipulations, and the group rationality by
introducing uncertainty, conflict of interests, and transparency issues.

The forecast error challenge can be due to a smaller aggregation
at local levels [23]. The inaccuracy of forecasts can cause issues for
defining baselines in an LFM [21,24], or in forecasting the behavior
of end-users [22] for a cost-efficient delivery of the promised service.
The forecast errors can lead to higher costs for all the stakeholders.
For example, they can cause failures in delivery, or wrong estimations
for the required/available service quantity. This can lead to penalties
or over/under procurement. The extra costs may impact the group
rationality because the participants may choose to not obtain or leave
the market. This is summarized in Table 1.

The last challenge is the potential need for extensive measurements
and investments in ICT platforms required for validating the delivery
and communications between the market participants. This challenge
has been raised in discussions with DSOs in the project’s consortium,
and a market design that requires fewer measurements is preferred
for monetary and complexity reasons. Similar to the forecast error
challenge, the extra cost and the complexity can impact the group
rationality property of the LFM mechanism (Table 1).

1.2. Related LFM designs in literature and the gap

Considering the above-mentioned challenges and their importance,
the gap in related studies addressing these challenges is identified.

These studies and the gap is explained in this section.
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To address the liquidity and the reliability challenges, two groups
of approaches are identified in the literature. The first group paves the
way for a higher liquidity and reliability while the second is focused on
preventing the potential consequences of low liquidity such as market
manipulations.

Belonging to the first group, availability/reservation payments and
long-term contracts have been well-known as ways of securing supply
and incentivizing investments (in flexible assets). [19] have categorized
the reservation payments as a controversy in LFMs and discuss its
advantages and disadvantages. In our previous work [25], we had con-
sidered long-term reservations based on a mixed-price of reservation
and activation prices; however, the mixed-price approach can increase
the market complexity while complicating interpretation of the clear-
ing prices. Moreover, linkage between the reservation and activation
payments/markets are to be explored further. [26] have proposed a
‘‘Right-to-Use’’ option as a flexibility reservation due to uncertainties
in their day-ahead (DA) flexibility market. This suggestion, although
being helpful for handling DA uncertainties, would not match the
long-term planning horizon of DSOs and potential investors in flexible
assets. Therefore, an interconnected long-term reservation and short-
term activation with a simpler pricing approach that establishes a more
robust linkage between the two markets would be beneficial.

From the second group, incentive compatible payment allocation
methods such as Vickrey–Clarke–Groves (VCG) can be utilized to pre-
vent market manipulation. However, VCG is not budget balanced and
can lead to practical challenges. One-sided VCG is suggested as a
potential solution in [27]. However, one-sided VCG is not individually
rational for the DSOs. In theory, it can lead to DSOs paying more than
their declared willingness and thus leaving or not adopting the market.

In contrast to issues with individual rationality and budget bal-
ance, issues with incentive compatibility can be improved by measures
that increase the liquidity and preventing market manipulations. Some
examples filling this gap are long-term availability payments and multi-
bids [28] for the first group of approaches, and market monitoring,
anti-trust law, and price caps [19] for preventing market manipulations
as the second group.

The challenges related to baseline-based flexibility products are
discussed and tried to be addressed in [21,27] by proposing a new class
of products called capacity limitation based products. A capacity limi-
tation (CL) product is a service that keeps the consumption/generation
below or above a certain limit. However, [27] mention that function-
ality of their CL product is dependent on truthful declaration of assets
by FSPs. For example, an FSP can provide the limitation of using its
heat pump with respect to nominal capacity of the HP. However, the
FSP could instead switch on an undeclared electric heater. Since the
validation of delivery is done based on sub-meter measurements on
the declared devices, the FSP would get paid for providing flexibility
although it had not contributed to reducing the congestion. Moreover,
the proposed CL product seems to require sub-meter measurements
for all flexible assets that can lead to higher costs and complexity
for validation of the service delivery. Therefore, a CL product design
that is not dependent on truthful declaration of DERs capacity can
facilitate delivery validation. In addition, if the product requires less
measurements and thus less ICT-related costs, the fifth challenge can
be addressed.

From a mechanism design perspective, the forecast errors at low
aggregation levels have been addressed diversely in the literature. For
example, Enera’s market allows its continuous auction until 5 min
before the delivery time [29]. This approach can allow improvement
of forecasts as getting closer to the delivery time but it can come at the
expense of market efficiency losses as continuous auctions have lower
allocation efficiency compared to call-auctions [30–32]. Bouloumpasis
et al. [25], IREMEL [33], InterFlex [34], INTERFACE [35] markets,
and [36] take another approach and include an intraday/real-time
market [29]. Considering these different approaches, it is beneficial to
3

assess what suits better for reducing the impact of the forecast errors. o
1.3. Paper contributions

Based on the five identified challenges and the solution gap, a com-
prehensive market design addressing the challenges would be valuable.
To the best of our knowledge, there has not been any proposed design
that has comprehensively considered all the mentioned challenges.
Therefore, the main contributions of this work are:

• Identification of the LFM design challenges including low market
liquidity, reliability concerns, baseline issues, and high ICT costs

• Enhancement of different available solutions to these challenges
to formulate a practical and comprehensive LFM design.

• Proposal of generic algorithms to calculated the cost and utility
of flexibility in the proposed LFM design

By identifying these challenges and proposing an improved market
design, this work aims to advance the understanding and practical
implementation of LFMs.

1.4. Paper organization

In the rest of the paper, a comprehensive proposal for the market
design is presented in Section 2 and the different choices made in the
design are elaborated. An illustrative simulation example is going to be
provided to facilitate understanding of the design. The advantages and
disadvantages of the design and future work are discussed in Section 3.
Conclusions are provided in Section 4.

2. Local flexibility market design: How the market works

In this section, initially, an overview of the proposed LFM design
is presented. Subsequently, design modules are elaborated comprising
market framework, clearing algorithm and bids, as well as settlement
and payment allocation method. The illustrative simulation example
is provided in conjunction with the aforementioned modules to facil-
itate comprehension of the design. The example setup is explained in
Appendix.

The overview of the proposed design is presented in Fig. 1. The
traded products are CL products that result in FSPs maintaining their
net-loads under a cap, or above a floor, depending on whether a
congestion event is driven by an excess of demand or generation. The
net-load (𝑃 𝑛𝑒𝑡) is defined in Eq. (1) for each FSP where 𝑃 𝑐𝑜𝑛 is the
consumed power and 𝑃 𝑔𝑒𝑛 is the generated power. Therefore, negative
𝑛𝑒𝑡 represents injections, and positive values extractions. Additionally,
n FSP can either be an aggregator representing multiple end-users, or
n individual end-user. In the case of aggregators, CL product restricts
he aggregated net-loads while in the case of individual end-users, it
s the net-load of the end-user that is restricted. The product design is
urther explained in Section 2.1.2.
𝑛𝑒𝑡
𝑡 = 𝑃 𝑐𝑜𝑛

𝑡 − 𝑃 𝑔𝑒𝑛
𝑡 , 𝑤ℎ𝑒𝑟𝑒 𝑃 𝑐𝑜𝑛

𝑡 , 𝑃 𝑔𝑒𝑛
𝑡 ≥ 0 (1)

The proposal includes three markets (Fig. 1). The long-term market
ims to compensate flexibility product availability, akin to capacity
arkets in the electricity trading domain. The short-term market serves

s a market for trading the flexibility product. Finally, the continuous
djustment market provides an opportunity for adjustments to the
raded quantities within the short-term market. The first two markets
re call-auctions, while the third market is a continuous auction. Call-
uctions involve aggregating, sorting, and clearing the entire market at
nce after gate closure, while continuous auctions match bids instan-
aneously until gate closure [31]. The organization of market stages
re explained in Section 2.1.3. All three markets are auctions with
he objective of social-welfare maximization. The market clearing al-
orithm is presented in Section 2.2.4. Pay-as-bid (PAB) is chosen as
he payment allocation method that is discussed in Section 2.3. The
ubsequent sections elaborate the rational behind these design choices,
nd discuss solutions to the identified design challenges. The locations

f the solutions are illustrated in Fig. 2.
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Fig. 1. Overview of the market stages.
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Fig. 2. The link between the LFM design challenges and the location of their solutions
in the market design.

2.1. Market framework

Market framework clarifies the roles and responsibilities of different
actors, traded products, and the three market stages.

2.1.1. Roles and responsibilities of market participants
Three main roles are foreseen in an LFM:

• Flexibility seller: FSPs are the sellers and can be aggregators, or
individual consumers/prosumers.

• Flexibility buyer: DSO is the buyer that evaluates the situation
with congestion forecasts and requests flexibility if needed. In
close-to-real-time, the DSO can purchase or sell-back flexibility
in the adjustment market depending on status of its grid.

• Market operator: The market operator is a neutral, indepen-
dent party that manages the market, receives asks and bids, and
conducts clearing and settlement.

2.1.2. Product design
Two types of CL products are proposed depending on if conges-

tion is demand- or generation-driven. A demand-driven congestion
occurs when the total power extraction of end-users causes overload-
ing of a grid component. For generation-driven congestion, the total
4

l

power injection causes the overloading besides potential voltage-limit
violations. Consequently, the proposed CL products are:

• CL-cap (for demand-driven congestion): Enforces FSPs to keep
their net-load under a certain cap.

• CL-floor (for generation-driven congestion): Enforces FSPs to keep
their net-load above a certain floor.

The CL-products are defined using net-load (𝑝𝑛𝑒𝑡) and subscribed
connection capacity (𝑃

net
) of FSPs. As shown in Eq. (2a), by selling 𝑞

kWs of CL-cap, an FSP should restrict its 𝑝𝑛𝑒𝑡 by 𝑞 kWs with respect to
𝑃
net

. A similar logic is presented in Eq. (2b) where the FSP keeps its 𝑝𝑛𝑒𝑡
above a certain floor. Fig. 3 illustrates the products for three FSP types:
consumer, prosumer, and generator. 𝑝𝑛𝑒𝑡 is always negative for genera-
tors (Eq. (1)). So, if a flexible generator has sold a CL-cap, it might need
to increase its generation that contributes to relieving a demand-driven
congestion. 𝑝𝑛𝑒𝑡 is always positive for consumers. Therefore, if a flexible
consumer has sold a CL-floor, it might have to increase its consumption
that contributes in relieving a generation-driven congestion.

𝑝𝑛𝑒𝑡𝑡 ≤ 𝑃
net

− 𝑞𝐶𝐿𝑐𝑎𝑝
𝑡 (2a)

𝑛𝑒𝑡
𝑡 ≥ −𝑃

net
+ 𝑞𝐶𝐿𝑓𝑙𝑜𝑜𝑟

𝑡 (2b)

In countries where subscribed connection capacity contracts do not
xist, they can be calculated using historical data or auctions. A similar
pproach is used in the evolvement of emission permit allocations for
he European Emission Trading Scheme [37].

From the illustrative simulation example, Fig. 4 shows a determinis-
ic forecast for loading of a transformer during a day. The transformer
ctive power rating is 150 kW. A congestion is expected at Hour 7336
ith an active power loading of 158 kW and the DSO can buy CL-cap on

he market to address the issue. Such a small overloading over a short
eriod can probably be tolerated by the transformer and might not lead
o a large loss of life either. However, other costs such as penalties to
he upstream grid owner can still be imposed on the DSO that can be
voided if the service is procured. The provided simulation example
s solely designed for illustrating the design as simple as possible. In
eal-life, each DSO need to examine where to put the threshold for pur-
hasing the service depending on factors such as the cooling system of
heir components, protection system thresholds, and penalties from the
pstream grid owner. In this example, the quantity of the CL product for
he DSO is calculated with respect to the sum of subscribed connection
apacities located downstream of this transformer, i.e., 230 kW. For
xample, by buying 80 kW of CL the DSO can be sure that the loading
tays below the transformer active power rating, i.e., 150 kW. An FSP,
f cleared for 𝑥 amount of CL, has to keep its net-load below the new
mposed cap that is calculated with respect to its connection capacity.

The proposed product design has several advantages: (i) calculation
f its quantity is not with respect to a baseline and instead, is calcu-
ated with respect to the static and transparent values of connection
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Fig. 3. Conceptual illustration of capacity limitation products for different type of grid users. CL-cap is for demand-driven congestion and CL-floor for generation-driven congestion.
Fig. 4. Illustrating CL-cap product based on the simulation example. Congestion is
xpected at h7336.

apacities that can provide a certainty for DSOs regarding the cap for
umulative loading after procurement; (ii) the product is technology
eutral because it does not impose the method for changing the net-
oad. FSPs, therefore, can find the most cost-efficient method; (iii)
t hinders the potential manipulation by not declaring flexible assets
mentioned in [27]) because it is defined and verified by the net-load
nd is not dependent on the declaration of flexible assets; and (iv) it
oes not require sub-metering and thus leads to lower ICT-related costs.

On the other hand, the CL product is accompanied by challenges
ncluding its potential heterogeneity, and consequently complexities in
idding and clearing algorithms. CL product is most likely not homo-
eneous. Oxford dictionary of economics [38] defines heterogeneous
oods as ‘‘Goods which differ in specifications or quality, or bear dif-
erent brand names which convey information to customers’’. Although
he specification and the unit of the CL product is consistent – limiting
onnection capacity by 1 kW –, its ‘‘quality’’ varies. The quality of a CL
roduct can be defined based on its purpose which is changing the net-
oad of FSPs and thus reducing congestion. For instance, in Fig. 4, the
nitial 72 kW of CL has no impact on the net-load of FSPs because it only
overs their unused connection capacity. Consequently, this segment
ffers a low utility to the DSO. The remaining 8 kW, however, exhibit
igher quality as they alleviate congestion and provide greater utility
o the DSO. Homogeneity is a fundamental assumption in microeco-
omics, and most supply and demand models ‘‘simply assume that all
5

oods in the market are identical’’ [39]. Therefore, the law of demand
Fig. 5. Heterogeneity of the CL product.

does not necessarily need to hold in the case of a heterogeneous good
such as the CL product. Fig. 5 illustrates the expected marginal utility
and cost curves for when utilized and unutilized capacities were traded
separately versus when they are traded together. When traded sepa-
rately, marginal utility and cost for unutilized capacity are expected to
form a flat curve since they do not affect FSPs’ behavior. The marginal
utility and cost for utilized capacity are expected to have a downward
and upward slope, respectively. This is because as more is purchased
by the DSO, the overloading would be lower, and as more is sold
by an FSP, the deviation from its cost-optimal behavior grows. When
these two ‘‘quality’’ classes are traded together, the demand curve
of the product becomes heterogeneous, resulting in a non-downward
sloping demand curve for the DSO. This potential heterogeneity leads
to complexities in the bidding and clearing algorithms. The calculation
of marginal utility and cost curves are discussed in Section 2.2.1.
Furthermore, the division of the product into two quality classes in-
directly introduces a declared baseline through the unutilized capacity
class. These indirect baseline declarations can be managed through an
internalized automated negotiation process within the market clearing
algorithm as explained in Section 2.2.4.

2.1.3. The organization of market stages
To have a more comprehensive market design, three interconnected

market stages are proposed: long-term, short-term, and close-to-real
time. An overview of the stages are provided in Fig. 1. The long-
term market is for availability remunerations for flexibility services,
contributing to reliability, decision making of the agents, as well as
increasing the liquidity by incentivizing investments in flexible tech-
nologies. The short-term market acts as a market for trading the service
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Table 2
The suitability-comparison of continuous and call-auctions for the adjustment market.

Compared aspect Reference Auction type

Continuous Call

Information efficiency [30,31] + –
Suitability for risk-averse actors [30] + –

Liquidity [31,32] – +
[40] + –

Suitability for small actors [31,32] – +
Market power resilience [31] – +
Cost of late scheduling [30] + –
Social welfare [30–32] – +
Computational burden [32] – +

if needed, and the continuous adjustment market is for trading adjust-
ments to the traded quantities in the short-term market. Adjustments
might be needed due to forecast errors or anticipated delivery failures.
Pay-as-bid is chosen as payment allocation method for all the stages
and the reasoning is provided in Section 2.3. The exact gate opening
and closing times need to be decided considering factors such as
investments lead time, timelines of wholesale and balancing markets,
and operation routines of market participants. These factors can differ
between countries or regions.

In the long-term market, the DSO sends an expected time period,
a location, a quantity for the product that might be required, as well
as a demand curve reflecting its willingness to pay for the availability
of the product. Moreover, the DSO can send an activation price cap
when the long-term market is opened which would be communicated
to FSPs. The cleared FSPs in this market stage will be compensated
to be available in the short-term market. Therefore, the compensated
FSPs are obliged to participate in the short-term market while their
offering prices should be lower than the communicated activation price
cap. After the short-term market is cleared, the cleared quantities are
binding. However, the participants can make adjustments to these
cleared quantities in the continuous adjustment market where all the
participants can be a buyer or a seller.

There are two main auction-types available for each stage: call
and continuous auctions. However, as explained in the introduction,
different auction types have been proposed for LFMs. Therefore, a
literature review has been conducted to contribute to this controversy
in what type of market suits best for each stage.

The two auction types are compared from different aspects. The
aspects and the summary of results are presented in Table 2. Infor-
mation efficiency is the possibility for the instantaneous transfer of
newly arrived information to the market [31,41]. Continuous markets
allow participants to correct their bids and trade as soon as possible
when they anticipate benefits [30]. However, call-auctions are cleared
at a specific time and cause delays in transferring information and
trading [31]. Continuous markets provide a better environment for risk-
averse actors because these actors want to minimize the risks related
to imbalances as soon as possible [30]. DSOs can be risk-averse actors
since their core business is to guarantee a reliable supply of power.
Regarding the liquidity, there are arguments both for and against the
two market types. [31] argue that call-auctions can lead to higher
liquidity as they collect all the bids and clear them once at the end of
the trading session. Moreover, a study on the intra-day market in Ger-
many has shown that the addition of call-auctions has lead to a higher
liquidity and market depth [32]. On the other hand, [40] argue that the
liquidity can be higher in a continuous auction as it offers a fast trade
execution. Call-auctions are to be more suitable for small actors and
more resilient to market power. Call-auctions provide benefits for small
players without the capability of continuous 24/7 trading [32]. On the
other hand, continuous auctions benefit the large actors since they have
a better return on information costs and therefore can to lead entry
barriers and market power practices [31,41]. Continuous markets can
6

be more suitable for the actors having costs related late rescheduling as
they can communicate and trade corrections as soon as possible [31].
Storage units, and demand response, especially from large industrial
flexible demands are examples of such actors. Call-auctions produce a
larger social-welfare compared to continuous markets [30–32]. This is
because call-auctions are cleared after all offers and bids are collected
compared to continuous auctions that bid matching is done instanta-
neously. In call-auctions, the dedicated computers for market clearing
can be allocated only for a certain period of time [32] while continuous
auctions require a dedicated computer for the whole adjustment period
to match the bids.

To conclude, there are many arguments in favor of call-auction mar-
kets and their suitability for local flexibility trading except for the ad-
justment market where the purpose is corrections and thus information
efficiency and minimizing risks for DSOs are essential. Therefore, call-
auctions have been chosen for the long-term and short-term markets,
and continuous auctions for the adjustment market.

2.2. Market clearing, bids and offers

The market clearing algorithm and the structure of bids and offers
are crucial components of any market design. In this section, first, the
structure of bids and offers is explained. Subsequently, probabilistic
algorithms are proposed for calculating the utility and cost associated
with the CL product for both DSOs and FSPs. It should be noted that
the focus of this discussion is solely on the algorithms used to compute
utility and cost, while analyzing bidding strategies employed by market
participants fall outside the scope of the present study. For the sake
of the illustration example, simplistic bidding strategies have been
considered. Finally, the clearing formulation of the proposed market
is explained.

2.2.1. Bids and offers structure
In the proposed structure, the participants declare their cost/utility

curves by submitting multi-bids. A multi-bid includes multiple sub-
bids. Sub-bids can be accepted simultaneously and are not mutually
exclusive. An example of a bid from an agent is shown in Table 3. Here,
term bid is used for both requests from a DSO and offers from FSPs.
A bid from an agent should include the ID of the agent, the date and
the hour the bid is corresponding to (𝑡). The sequence number of the
sub-bid (𝑔) indicates the place of the sub-bid on the agents’ cost/utility
urve. The first sub-bid (𝑔0) represents the unutilized capacity declared
y buyer and sellers. The bids also include the location code in which
he service is requested or offered (𝑙), the quantity of the CL product
𝑞), and the valuation of the bid (𝑢). Depending on the market stage,

the valuation represents the cost/utility for availability or activation of
the product. The valuation for 𝑔0 can be a predefined fixed value that
represents the connection capacity fee paid by end-users.

The multi-bid setting is chosen as it can support market efficiency
by allowing the division of declared quantities into smaller quantity-
price pairs leading to an improved bid matching for market partic-
ipants [28]. [28] also mentions that enabling multi-bids in a low
competition situation can lead to an increase in the offered quantities
over time (compared to a single-bid scheme). Additionally, [25] suggest
that submitting bid-curves can facilitate clearing larger quantities of
flexibility in case flexibility resources are limited. These advantages
contribute to addressing the low liquidity and the reliability challenges.

2.2.2. DSO’s utility from CL product
This subsection discusses the utility from CL-cap product across dif-

ferent market stages. In the long-term market, utility can be attributed
to avoidance or postponement of grid reinforcement costs, as well as
potential cost reductions in subscription fees paid to upstream grid
owners. The avoided or postponed grid reinforcement costs can be, for
example, obtained from running investment models. In the short-term
and continuous adjustment markets, utility is primarily related to grid
operation and encompasses costs such as value of lost load (VoLL),
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Fig. 6. Calculation of DSO’s marginal utility curve for CL product based on the impact and probability of the event at the congested hour 7336: (a) illustration of the different
aluation parts of the marginal utility curve on the transformer loading plot, (b) illustration of the marginal utility (𝑈𝑤(𝑞)) and impact (𝐼(𝑞)) curves for hour 7336.
Table 3
The bid attributes of agents using the DSO’s bid at h7336 as an example; t: time, l:
location, g: sub-bid number, q: quantity, u: valuation.

ID Date t l g q [kW] u [ SEK
kW

]

d0 2021-11-01 h7336 CR

g0 71.9 0.17 (fixed)
g1 8.3 15.17
g2 149.8 0.00

Sum 230.0 N/A

grid component aging and potential penalty payments to upstream
grid owners. The grid reinforcement costs are highly dependent on
DSOs’ grid and the specific need for reinforcement, country, expected
load profiles at bottlenecks, and investment lead times. In the illustra-
tion example, it is assumed that there is enough flexibility available.
The continuous adjustment market requires data considering varying
forecast updates, or component failures which is beyond the scope of
market design and the illustrative example. Therefore, this paper solely
focuses on discussing utility within the short-term market.

Since the bids structure allows multi-bidding, an algorithm is pro-
posed to derive a curve representing valuation in relation to quantity
of CL-cap product. Moreover, given the presence of uncertainties, the
concept of expected marginal utility is incorporated aiming for a prob-
abilistic approach. Algorithm 1 outlines the process of deriving the
expected marginal utility curve. The general steps of the algorithm are:
(1) estimating the monetary impact of congestion in a grid component,
e.g., a transformer, as a function of the component’s loading 𝐼(𝑝𝑡𝑟𝑎𝑓𝑜),
2) converting the impact function to be a function of the CL-cap
uantity 𝐼(𝑞), (3) obtaining a set of congestion forecast scenarios  and
ts probability set 𝛱 , (4–5) calculating a marginal utility curve 𝑈𝑤 for
ach congestion forecast scenario, (6) calculating the expected marginal
tility curve 𝐸(𝑞) from the marginal utility curves and probabilities of
he scenarios. These steps are explained in detail below.

Algorithm 1 DSO’s expected marginal utility curve for CL-cap

1: Estimate congestion monetary impact function 𝐼(𝑝𝑡𝑟𝑎𝑓𝑜)
2: Transform 𝐼(𝑝𝑡𝑟𝑎𝑓𝑜) to 𝐼(𝑞) using Equation (4)
3: Get congestion forecast scenarios  and their probabilities 𝛱
4: for 𝑤 ∈  do
5: Calculate marginal utility curve of scenario 𝑤 (𝑈𝑤) using

Equation (5)
6: Calculate expected marginal utility curve: 𝐸(𝑞) =

∑

𝑤∈ 𝑈𝑤(𝑞) ⋅ 𝜋𝑤
7: Split 𝐸(𝑞) curve into sub-bids

• Step 1: A potential monetary impact function 𝐼 needs to be quan-
tified that represents the cost of congestion in a component for the
7

DSO. Here a transformer is chosen as an example. Eq. (3) given
in Box I proposes a step-wise function for 𝐼 where 𝑃 𝑡𝑟𝑎𝑓𝑜

𝑟𝑎𝑡𝑖𝑛𝑔 is rating
or acceptable threshold for loading of the transformer; ∑𝑃

net
is

the sum of all the sold connection capacities downstream of this
component; and 𝑝𝑡𝑟𝑎𝑓𝑜 represents different potential loading levels
of the component. For loading levels above 1.2 p.u., the overload
protection might be triggered and load needs to be curtailed that
causes a large monetary impact, for example, close to the VoLL.
For the levels between 1–1.2 p.u., the DSO might be dealing
with, for example, aging in grid components (𝐶𝑎𝑔𝑖𝑛𝑔) and penalties
charged by the upstream network owner (𝐶𝑝𝑒𝑛𝑎𝑙𝑡𝑦). If the loading
is below 1.p.u., no congestion cost is expected for the DSO.

• Step 2: The impact function 𝐼 needs to transformed to be a
function of CL quantity 𝑞 using the logic behind CL-cap product as
presented in Eq. (4) where 𝑃 𝑐𝑎𝑝 is the imposed cap by the market.
The transformation is needed for being able to derive a utility
curve representing the valuation in relation to 𝑞. The equivalent
transformed spans for 𝐼 as a function of 𝑞 is presented in Eq. (3).
Fig. 6(b) shows impact function 𝐼(𝑞) for the illustration example
where ∑

𝑃
net

is 230 kW, and 𝑝𝑡𝑟𝑎𝑓𝑜𝑟𝑎𝑡𝑖𝑛𝑔 is 150 kW. Consequently, for
q in [0, 50) kW, a VoLL of 58.1 SEK/kWh/h is taken from [42],
if q is within [50, 80] a value of 15 SEK/kWh/h is assumed
to represent 𝐶𝑎𝑔𝑖𝑛𝑔 and 𝐶𝑝𝑒𝑛𝑎𝑙𝑡𝑦, and for q within (80, 230] an
impact of zero is assumed since the 𝑝𝑡𝑟𝑎𝑓𝑜 loading is below 𝑝𝑡𝑟𝑎𝑓𝑜𝑟𝑎𝑡𝑖𝑛𝑔 .
The impact function is a characteristic curve for the congested
component and does not represent any specific hour or event.
The impact curve is used in the remaining steps for defining the
marginal utility curve for the congested hour h7336.

𝑝𝑡𝑟𝑎𝑓𝑜 ≤
∑

𝑃
net

− 𝑞 = 𝑃 𝑐𝑎𝑝 (4)

• Step 3: The congestion scenarios  and their probabilities 𝛱
can be obtained from a probabilistic congestion forecast such
as [43]. For simplicity in clarifying the algorithm, a perfect
forecast is assumed in the illustration example. Therefore, there
is only one scenario in  that has a probability of 1. The forecast
shows a transformer congestion at h7336 with 158 kW of loading
(Fig. 6(a)).

• Steps 4 and 5: The marginal utility for each scenario 𝑈𝑤(𝑞) at
h7336 is calculated based on Eq. (5) given in Box II where the
three sections of the function are illustrated in Fig. 6 with Roman
numbers. If the purchased 𝑞 is within section (I), the market
imposed cap 𝑃 𝑐𝑎𝑝 will be above 𝑃 𝑡𝑟𝑎𝑓𝑜

𝑤 . Therefore, imposing a
cap within the span of this section will not bring much utility
for the DSO because it will not reduce the congestion. For this
section, only 0.17 SEK per kW per hour is considered for the price
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𝐼 =

⎧

⎪

⎨

⎪

⎩

VoLL, 𝑝𝑡𝑟𝑎𝑓𝑜 > 1.2𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 ⟷ 𝑞 <

∑

𝑃
net

− 1.2𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔

𝐶aging + 𝐶penalty , 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 ≤ 𝑝𝑡𝑟𝑎𝑓𝑜 ≤ 1.2𝑃 𝑡𝑟𝑎𝑓𝑜

𝑟𝑎𝑡𝑖𝑛𝑔 ⟷
∑

𝑃
net

− 1.2𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 ≤ 𝑞 ≤

∑

𝑝net − 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔

0, 𝑝𝑡𝑟𝑎𝑓𝑜 < 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 ⟷ 𝑞 >

∑

𝑃
net

− 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔

(3)

Box I.
𝑈𝑤(𝑞) =

⎧

⎪

⎨

⎪

⎩

(I) ∶ 𝜌𝐶𝐶 , 0 ≤ 𝑞 <
∑

𝑃
net

− 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑤 ⟷ 𝑃 𝑡𝑟𝑎𝑓𝑜

𝑤 < 𝑃 𝑐𝑎𝑝 ≤
∑

𝑃
net

(II) ∶ 𝐼(𝑞) + 𝜌𝐶𝐶 ,
∑

𝑝net − 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑤 ≤ 𝑞 ≤

∑

𝑃
net

− 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 ⟷ 𝑃 𝑡𝑟𝑎𝑓𝑜

𝑟𝑎𝑡𝑖𝑛𝑔 ≤ 𝑃 𝑐𝑎𝑝 ≤ 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑤

(III) ∶ 0,
∑

𝑃
net

− 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔 < 𝑞 ≤

∑

𝑃
net

⟷ 0 ≤ 𝑃 𝑐𝑎𝑝 < 𝑃 𝑡𝑟𝑎𝑓𝑜
𝑟𝑎𝑡𝑖𝑛𝑔

(5)

Box II.
c
i

which is the buy-back cost of connection capacity fee (𝜌𝐶𝐶 ) that
the FSPs have already paid to the DSO for network access right.
This value can be decided by the DSO depending on its own fees.
This value can be predefined and fixed in the market. The fee
chosen here is an example based on the average of the fees from
a DSO in Sweden [44]. If the purchased 𝑞 is within section (II),
the marginal utility is calculated based on the monetary impact
𝐼 . This is because buying such quantities would help the DSO to
reduce congestion and avoid the monetary impact. 𝜌𝐶𝐶 is also
added in this step to compensate the FSPs for limiting their access
rights. If the purchased 𝑞 is in section (III), the imposed cap will
be lower than 𝑃 𝑡𝑟𝑎𝑓𝑜

𝑟𝑎𝑡𝑖𝑛𝑔 and thus the monetary impact is zero. 𝑈𝑤(𝑞)

is the marginal utility curve because it shows the value of buying
an additional unit of the product at each quantity.

• Step 6: The expected marginal utility (𝐸(𝑞)) is calculated in step
7 where 𝜋𝑤 is the probability of each scenario. In the example,
𝐸(𝑞) and 𝑈𝑤(𝑞) are the same because of the perfect forecast
assumption.

• Step 7: Finally, 𝐸(𝑞) is split into sub-bids to be sent to the market.
These sub-bids are presented in Table 3 where 𝑔0 is corresponding
to part (I) of the curve representing the unutilized capacity, i.e,
baseline from DSO’s perspective. The valuation for this part can
be predefined and fixed. In the illustrative example, the DSO is
assumed to be a non-strategic agent because DSOs revenues are
usually highly regulated due to their monopolistic nature.

As a result of the product design, the marginal utility curve of the
DSO would have a unique shape compared to conventional downward
sloping demand curves. As discussed in Section 2.1.2, this is due to
the heterogeneity of the product. By using the expected utility concept,
there exist a range where the unutilized and utilized capacity is mixed
because the loading and thus the unutilized capacity varies across
different scenarios. This specific shape would require a special clearing
algorithm that keeps the order of sub-bids. The clearing algorithm is
presented in Section 2.2.4. Additionally, considerations in DSOs bid-
ding such as rebound effects and accounting for non-flexible end-users
are discussed in Section 3.7 on deployment requirements.

2.2.3. FSPs’ cost of providing CL product
This subsection discusses the cost of providing CL products across

the different market stages. In the long-term market, FSPs are remu-
nerated for the availability of flexibility. Consequently, the cost of
availability can be attributed to the investment costs necessary for be-
coming flexible. In contrast, in the short-term and adjustment markets,
the cost of providing flexibility primarily relates to operation expenses.
To discuss the costs in the long-term market, investment costs and
8

the specific flexibility process are required that can vary significantly
among different FSPs and their processes. Moreover, to discuss the cost
in the adjustment market, analysis of failures in flexibility processes and
varying forecast updates are required which is also beyond the scope
of market design. Therefore, this subsection focuses exclusively on the
short-term market where costs can be obtained from a deterministic
energy management system (EMS).

Responding to the DSO’s bid, FSPs submit their offers. In this paper,
a simplistic bidding approach is assumed for FSPs that comprises of
calculating the true cost and addition of a profit margin. This approach
is adopted because the proposed market does not exist in real-life,
and therefore historical data on the marginal unit is unavailable for
estimating the last cleared price for strategic bidding in PAB schemes.
Additionally, the proposed algorithm incorporates a method for calcu-
lating the cost of providing the CL product, which can also be valuable
to stakeholders besides bidding algorithms that solely focus on strategic
behavior.

Algorithm 2 outlines the procedure for deriving the bid curve for
FSPs. The general steps are: (1) calculating normal operation cost 𝐶0
when the FSP does not offer any CL product on the market, (2–7)
calculating the true marginal cost of providing CL product as a function
of CL quantity 𝑈𝑡𝑟𝑢𝑒(𝑞), and (8) adding a marginal profit to the true
ost to obtain the declared cost curve 𝑈 (𝑞). These steps are explained
n detail below.

Algorithm 2 FSPs’ bidding algorithm for CL-cap
1: Calculate 𝐶0 by running EMS with 𝑞 = 0
2: for 𝑞𝑖 ∈ (0,+2𝑝net ] do
3: Calculate 𝐶𝑞𝑖 by running EMS with 𝑞𝑖
4: if model is feasible then
5: Calculate 𝑈𝑡𝑟𝑢𝑒(𝑞𝑖) =

𝐶𝑞𝑖−𝐶𝑞𝑖−1
𝑞𝑖−𝑞𝑖−1

+ 𝐶𝑒𝑥𝑡

6: else
7: 𝑈𝑡𝑟𝑢𝑒(𝑞𝑖) is VOLL
8: Calculate 𝑈 (𝑞𝑖) = 𝑈𝑡𝑟𝑢𝑒(𝑞𝑖) ⋅ (1 + 𝜅) + 𝜌𝐶𝐶

9: Split 𝑈 curve into sub-bids

• Step 1: Normal operation cost 𝐶0 is calculated using an EMS. The
EMS can be a deterministic or stochastic optimization. Normal
operation refers to the scenario where agent’s net-load limit is its
subscribed connection capacity 𝑃

net
, or in other words, no CL-cap

is considered (i.e., 𝑞𝑖 = 0 ).
• Steps 2 and 3: Using a for loop, 𝐶𝑞 is calculated representing the

operation cost at various levels of 𝑞.
• Steps 4 and 5: For a specific q level 𝑞𝑖, if the optimization

within the EMS is feasible, the true marginal cost 𝑈 (𝑞 ) can be
𝑡𝑟𝑢𝑒 𝑖
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calculated from 𝐶𝑞𝑖 and 𝐶𝑞𝑖−1 . Moreover, variable costs external
to the EMS (𝐶𝑒𝑥𝑡) can be added separately to 𝑈𝑡𝑟𝑢𝑒(𝑞𝑖). This is to
cover costs not included in the EMS such as asset wear-and-tear.

• Steps 6 and 7: If the optimization is infeasible, it indicates
that the agent cannot impose the specified level of limitation
except by curtailing load. Therefore, a corresponding VOLL can be
considered as the true marginal cost for that particular quantity
of CL.

• Step 8: The declared cost to the market 𝑈 (𝑞) can include a profit
percentage 𝜅 to make sure the agent can gain profit in a pay-as-
bid scheme. Moreover, the connection capacity fee 𝜌𝐶𝐶 is added
at the end. This fee accounts for the agent’s expectation of being
reimbursed for the already paid connection capacity fee, as they
are limiting their right-of-use during that specific hour. This fee
is equal to the buy-back cost of connection capacity mentioned in
DSO’s bidding.

• Step 9: The marginal cost curve is split into sub-bids to be
declared to the market. The cumulative quantity where 𝑈𝑡𝑟𝑢𝑒(𝑞𝑖)
is zero can be declared as 𝑔0 which corresponds to the unutilized
connection capacity of the FSP.

The derived curve is expected to be an ascending supply curve. This
s because the more the connection capacity of an FSP is restricted at a
articular hour, the further deviation from FSP’s normal operation dis-
atch will be. Therefore, the extent of deviation from the cost-optimal
lan increases as the connection capacity becomes more limited.

This ascending cost curve can be divided into three consecutive
ections: (1) the limitation of unutilized capacity without causing de-
iation from the optimal dispatch, (2) the limitation of capacity by
edispatch, and (3) the limitation of capacity by load curtailment. In
he light of this division, an alternative bidding strategy for FSPs can
nvolve guessing the valuation of section (II) in the DSO’s utility curve
Fig. 6(b)) and inflating the second part of their own cost curve to
atch that level. The presence of section (I) in the DSO’s curve can

ct as a mechanism to prevent high prices in the first section of FSPs’
urve because it would result in a mismatch of the prices and prevents
hose FSPs from being cleared. Potential strategies of FSPs are discussed
n Section 3.4.

In the simulation example, the deterministic EMS in Appendix A.1
s used for simplicity. VoLL and connection capacity fees can be taken
rom the sources mentioned in the DSO’s bidding. Moreover, a 0.5
EK/kW is assumed for 𝐶𝑒𝑥𝑡. This value is an assumption for illustration
urposes and in reality depends on FSPs’ system and processes. In
ddition, 𝜅 is assumed to be 0.5 which corresponds to a 50% profit
argin added to the true cost curves. The conclusions and discussions

re not dependent on this assumption because the strategic behavior
s considered to be reduced by measures that contribute to increasing
he liquidity and thus the competition. The details of the FSPs’ bids are
resented in Table A.6. The aggregation of the bids in the form of the
upply curve can be seen in Fig. 7. The valuations on the supply curve
re low since the EMS could have implemented a re-dispatch with a
ow cost.

.2.4. Market clearing algorithm
The clearing algorithms for the long-term and short-term markets

re similar. The only difference is that in the long-term market, the
aluations and quantities are for availability while in the short-term
arket, they represent the activation of the product.

The market clearing for these market stages is presented in (6).
he objective function maximizes the social welfare at each hour 𝑡 by
educting the cost of supply from the utility of the demand side. The
ecision variables are 𝛯 in which 𝑥𝑡,𝑖,𝑔 is the cleared quantity at hour
for the sub-bid 𝑔 of agent 𝑖. 𝑦𝑡,𝑖,𝑔 is a binary variable representing

if a sub-bid is cleared or not. 𝑦 enforces keeping the order of sub-
bids considering the special shape of the DSO’s utility curve. 𝑡 and
 are the sets of demand and supply agents at hour 𝑡. As mentioned in
9

𝑡

Fig. 7. Supply–demand curves for the congested hour 7336.

Section 2.2.1, agents can submit their cost and utility curves as multi-
bids at each hour 𝑡. 𝑡,𝑖 is the set of all sub-bids from agent 𝑖 at hour 𝑡.
𝑢𝑡,𝑖,𝑔 is the valuation of sub-bid 𝑔 that agent 𝑖 has submitted at hour 𝑡.

max
𝛯

∑

𝑖∈𝑡

∑

𝑔∈𝑡,𝑖

𝑥𝑡,𝑖,𝑔𝑢𝑡,𝑖,𝑔 −
∑

𝑖∈𝑡

∑

𝑔∈𝑡,𝑖

𝑥𝑡,𝑖,𝑔𝑢𝑡,𝑖,𝑔 ∀𝑡 (6a)

𝛯 = {𝑥𝑡,𝑖,𝑔 , 𝑦𝑡,𝑖,𝑔 ∣ 𝑖 ∈ 𝑡 ∪ 𝑡, 𝑔 ∈ 𝑡,𝑖}
s.t.

𝑦𝑡,𝑖,𝑔 ∈ {0, 1} ∀𝑦 (6b)

𝑦𝑡,𝑖,𝑔
∑

𝑔′
𝑞𝑡,𝑖,𝑔′ ≤

∑

𝑔′
𝑥𝑡,𝑖,𝑔′ ∀𝑦,∀𝑔′ < 𝑔 (6c)

0 ≤ 𝑥𝑡,𝑖,𝑔 ≤ 𝑦𝑡,𝑖,𝑔𝑞𝑡,𝑖,𝑔 ∀𝑥 (6d)
∑

𝑖∈𝑡

∑

𝑔∈𝑡,𝑖

𝑥𝑡,𝑖,𝑔 ≥
∑

𝑖∈𝑡

∑

𝑔∈𝑡,𝑖

𝑥𝑡,𝑖,𝑔 ∀𝑡 (6e)

Constraint (6b) is to limit variable 𝑦 to be binary. For a sub-bid 𝑔,
constraint (6c) checks whether all the sub-bids before 𝑔 are fully cleared
or not. If the sum of 𝑥 for the previous sub-bids is less than the sum of
the bid quantities in that hour, 𝑦 variable of that sub-bid is enforced to
ecome zero. This zero value would enforce the cleared quantity 𝑥 for

that specific 𝑔 to become zero by constraint (6d). This way a sub-bid 𝑔
is only cleared if all sub-bids before are fully cleared and thus keeping
the sequence of the submitted sub-bids. Constraint (6e) enforces that
the procured flexibility from the FSPs is larger than or equal to the
amount requested by the DSOs at each timestep. The grid constraints
are not included in the market clearing for simplicity at the clearing
phase. This, instead, need to be incorporated in the bidding strategy of
the DSO and be declared by the location and quantity of its request. The
adjustment market clearing is based on a conventional bid matching in
a continuous market scheme.

The market clearing algorithm internalizes an automated negotia-
tion of the baselines (unutilized capacities). The expected baselines by
FSPs and DSO are declared with 𝑔0 bids (the first flat part of demand
and supply in Fig. 7 that are valued 0.17 SEK/kW). If the aggregated
baselines of FSPs is higher than the DSO’s expected baseline, i.e., a
lower quantity of 𝑔0 on the supply curve compared to the demand
curve, a negative social welfare is generated. The algorithm observes
this mismatch and clears the market only if the mismatch of baselines
would still lead to a net positive social welfare at a higher quantity of
CL. This way, the baselines will be negotiated automatically and base-
line manipulation by market participants will be limited. In addition,
the purchased (sold) quantity has a clear implication in the form of a
cap on the net-load. Therefore, unlike baseline-based products where
the buyer and sellers may have different referencing points (baselines),
the mismatch of baselines in the proposed mechanism will not lead
to a different expected loading level after procurement. The clearing
algorithm can also be illustrated by the total cost and utility curves
(Fig. 8). The clearing algorithm maximizes the difference between
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Fig. 8. Total utility and cost curves for the congested hour 7336.

otal utility and cost curves. Therefore, at the cleared quantity the
illingness to pay for the DSO (total utility) is always higher or equal

o the total cost for the FSPs.
As a result of the internalized baseline negotiation, the strategy

f market participants includes not only guessing the marginal prices
ut also the unutilized capacity on the supply and demand side. The
ominant strategy of market participants can be identified using game
heory studies as a future work. A potential setup for such an study is
iscussed in Section 3.4. In the illustrative example, strategic behavior
s not considered as the example aims to present the notion of a CL
arket and product.

In the illustrative example, the market operator clears the market
nd informs each participant their cleared quantities (Table A.6). At
he delivery hour, the flexibility providers have to activate the product
ccording to the cleared levels in the short-term market and the traded
orrections in the adjustment market. The market-imposed cap for
ifferent FSPs is shown in Fig. 9. The FSPs have to keep their net-loads
elow the imposed cap. The market clearing results only indicate the
aximum net-load cap of the FSPs and not the set-points of their DERs

t the delivery hour. The set-points are decided in a distributed manner
y FSPs’ EMS enabling them to optimize their portfolios and algorithms.

.3. Market settlement and payment allocation method

There exist various payment allocations methods such as uniform-
ricing (UP), PAB, VCG, and Shapley value. VCG, single-sided VCG, and
hapley payments are calculated based on the marginal contribution of
ach agent. These payment allocation methods have several suitable
roperties such as incentive compatibility for VCG and fairness for
hapley. However, VCG and Shapley require calculation of agent’s
arginal contributions [8]. The calculation requires assumptions about

he behavior of FSPs in case they were not participating in the market.
his dictates assuming a baseline for an agent when calculating their
ayments and can lead to the issues mentioned for the baseline. There-
ore, VCG or Shapley are not considered for calculating the payments.
ue to the shape of DSOs marginal utility curve, UP payments could
ecome higher than what the DSO is willing to pay for (Fig. 10).
herefore, UP cannot be a suitable method either since it can affect the
roup rationality property for DSOs. On the other hand, PAB suits the
escribed shape of the demand curve in Section 2.2.2 that represents
SOs’ willingness to pay. Here, the authors do not intend to argue

n favor or against UP or PAB, instead, it is the specific shape of the
emand curve that indicates the payment allocation method.

Since PAB is chosen, FSPs may increase their prices to earn profit
n the market. This can be seen in Fig. 10 where FSPs have increased
heir prices for the utilized capacity section to be slightly below the
SO’s marginal utility for the utilized capacity. If FSPs offer high
rices for their unutilized capacity to get paid although that capacity
10

as not planned to be used, an elastic demand curve in combination
with its proposed shape can hinder this behavior. Similarly, the elastic
demand curve and its proposed shape can prevent collusive behaviors
for increasing the price of the unutilized capacity. The proposed de-
mand curve and the market clearing will either lead to the colluded
FSPs not being cleared, or the total cleared quantity in the market
becoming lower. Therefore, such behaviors can be detected due to
the elaborated impact on the market outcomes. Regarding the utilized
capacity, FSPs can guess the marginal clearing price and increase the
prices for the utilized capacity to levels slightly below their guess. The
proposed CL product is accompanied by various benefits including an
internalized negotiation of baselines. However, the downside is that it
only matches with PAB schemes due to the shape of the DSOs demand
curve. Focusing on a larger geographical area and measures leading
to more competition, as well as incorporating market monitoring and
antitrust laws is important to hinder market power practices and thus
reaching a higher market efficiency from an economic perspective. This
is discussed further in Section 3.1. The potential strategies for FSPs are
discussed in Section 3.4.

The formulation used for the PAB is presented in Eq. (7). The
payment for each FSP at each hour is a multiplication of the cleared
quantities (𝑥∗𝑡,𝑖,𝑔) and the declared valuations for that specific sub-bid
(𝑢𝑡,𝑖,𝑔). The DSO pays the sum of calculated payments for FSPs.

PAB𝑡,𝑖 =
∑

𝑔∈𝑡,𝑖

𝑢𝑡,𝑖,𝑔𝑥
∗
𝑡,𝑖,𝑔 ∀𝑖 ∈ 𝑡,∀𝑡 (7)

Regarding the market settlement, the delivery can be validated
by comparing net-load measurements against the corresponding limit
imposed by the cleared CL quantities. The validation requires only
smart meter measurements and thus extra ICT and measurement costs
are avoided. Ensuring the delivery of the service is possible through
either a well-designed penalty scheme, or the enforcement of temporary
physical limits through smart meters. A well-designed penalty scheme
can reflect the financial losses from congestion events when FSPs
willingly or unwillingly could not deliver the service. If the penalty is
reflective, congestion related costs imposed on DSOs or disconnected
consumers can be compensated by FSPs who have failed to deliver
the service. On the other hand, imposing temporary physical limits
through smart meters can provide a higher reliability for DSOs while
being more restrictive. The suitable approach for ensuring the delivery
can be chosen depending on regulatory aspects, the available tech-
nical functionalities of smart meters, and the preferences of market
participants.

In the simulation example, the transformer active power loading is
reduced to 153 kW in the corresponding hour as a result of the CL
trade (Fig. 11). After delivering the service, the total net-load is slightly
higher than the market-imposed cap (150 kW). This is due to losses
in the grid that are not considered in the sum of the sold connection
capacities (further discussed in Section 3.7). For the settlement, the
measured net-load of each FSP by smart-meters is compared with the
corresponding limit imposed by the cleared CL quantities. The details
of PAB payments are presented in Table A.6.

3. Discussions on the market design and future work

In this section, a few aspects of the proposed design and deployment
requirements are further discussed and future work is suggested. The
discussions are summarized at the end into the adoption barriers and
the future work.

3.1. The low liquidity challenge

Addressing the challenge of low liquidity is important for a suc-
cessful market implementation. This challenge can be linked to causes
within and out of the scope of mechanism design. In this work, the
provided solutions are focused within the mechanism design. The incor-
porated design choices in the design contributes to addressing the issue
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Fig. 9. The BES discharge, and net-load before and after market clearing for all the FSPs.
Fig. 10. DSO’s willingness to pay compared to PAB and UP in the case of an abnormal
demand curve.

of low liquidity and have the potential to significantly impact market
outcomes. The design actively works against low liquidity by securing
and incentivizing future participation on the short-term and continuous
adjustment markets, as well as incentivizing investments in flexibil-
ity resources through availability payments in the long-term market.
Additionally, the inclusion of features such as allowing new entry on
the short-term market and enabling multi-bidding further contributes
to boosting liquidity levels. Allowing new entry on the short-term
market provides the opportunity for new actors, as well as actors with
11
Fig. 11. Market outcomes before and after of the LFM activation.

uncertain assets on the long-term to be able to enter the market. This
allows for a broader range of market participants and contributes to in-
creasing the liquidity. Moreover, enabling multi-bidding facilitates the
division of the total quantity into smaller quantity-price pairs leading
to an improved bid matching for market participants. Another relevant
parameter to market liquidity that is not discussed in the market design
is the bid size that can be set by market regulator. A small minimum bid
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size is beneficial for participation of small assets [45] and thus open-up
further flexible assets for the market.

The causes outside mechanism design can be geographical con-
straints, barriers for digitalization and automation, bureaucratic pre-
qualification procedures, lack of relevant competences, and contradict-
ing/unclear regulations. Solution to these causes can be studied as a
future work. For example, the liquidity can be improved if the market
is utilized for larger geographical areas while leaving issues at lower
levels to be solved by other methods such as grid reinforcements. Evolu-
tionary game theory can be used to analyze strategic behavior of agents
as a function of the number of participants to find an approximation on
the suitable geographical size for an LFM. A similar study to [46] can
be done for this purpose.

An impact of having a low liquidity on the proposed design is
that FSPs may exercise market power and lock the DSO in by not
offering flexibility at low enough valuations in the short-term market.
The mechanism can be improved by finding solutions to block such
practices. A solution can be DSOs declaring an activation price-cap
curve to the long-term market. This way, FSPs would know their bids
in the short-term market should be less than this price-cap if they are
compensated for availability within the long-term market. Moreover,
allowing new participants in the short-term market besides using LFMs
for larger geographical areas can increase the liquidity and the competi-
tion. Additionally, incorporating antitrust laws and market monitoring
can detect, prevent and punish collusive behavior and market power
practices and thus, contribute to promoting healthy market dynamics.

High transaction costs can be another scenario for FSPs not of-
fering flexibility in the short-term market. If transaction costs exceed
potential revenues, withholding capacity is a rational behavior. To
improve market liquidity, it is important to reduce this cost as much
as possible. In the current design, this can be reduced by, for example,
the proposed automated bidding and control, and market participation
through aggregators.

3.2. Linkage between long-term and short-term market stages

There exist arguments against long-term markets including: reduc-
tion of efficiency in short-term markets [19], entrance barriers for tech-
nologies with higher difficulties in long-term forecasts (e.g., demand-
response) [19], and gaming in the short-term market by the FSPs that
are compensated for availability through the long-term market. In our
suggested framework, the long-term market is solely for availability
compensations and the spot trading happens in the short-term market
where new actors have the possibility to enter the short-term stage.
Therefore, more competitive FSPs can enter the short-term market and
provide the service instead of the availability compensated FSPs and
thus prevent a reduction in the efficiency. The market entry barrier
for demand-response technologies can lead to less investments in such
technologies. Potential solutions can be, for example, compensation
through other mechanisms such as subsidies. Thereafter, as the short-
term market is open to new actors, their participation is possible for this
market stage. The potential gaming in the short-term market has to be
further investigated and suitable solutions to be provided as discussed
in Section 3.1.

3.3. The shape of DSOs’ marginal utility curve

The shape of the curve is not obeying the fundamental law of
demand. A demand curve for a normal good (almost all goods), is
downwards sloping but there are examples of goods with other shapes.
Giffen goods are essential goods with few complements such as bread
for low-income households [47], and Veblen goods are goods for which
the demand increases with price, for example status symbols such as art
or jewelry [48]

As discussed in Section 2.1.2, the CL product is most likely a hetero-
geneous good and therefore its demand curve does not necessarily need
12
to follow the law of demand. The presented shape in Section 2.2.2 is a
result of the product design. DSOs have to purchase a large amount of
CL with low marginal utility (the unutilized capacity) for solving con-
gestion. Purchasing these unutilized capacities is necessary for solving
the congestion. However, CLs associated with the unutilized capacity
do not have a similar impact on the FSPs’ behavior in comparison with
the CLs associated with the utilized capacity. Therefore, it can be said
that the proposed CL product is not homogeneous.

Assuming a downward sloping demand curve is similar to assuming
a baseline that is equal to the connection capacity. Although this
would remove the need for a baseline, it comes with a higher cost
for the DSOs. One can argue that any untruthful baseline would still
be lower or equal to the connection capacity of the FSP and therefore
a baseline-based LFM would be a better option than a CL-based LFM.
Considering the potential costs associated with the risks of the baseline
products and the ICT-related costs for delivery validation, a downward
sloping demand curve can still be suitable for grids with very low
excess of connection capacities. However, implementing such an LFM
in residential areas with a large excess connection capacity would lead
to large flexibility procurement costs for DSOs.

3.4. Market participants’ strategies

In the presented illustration example and the bidding (offering)
algorithms, the focus has been on elaborating the design besides calcu-
lating the true utility (cost) of the CL product. The bidding and offering
strategies of the market participants can be more sophisticated, espe-
cially considering the incorporation of the automatic baseline negoti-
ations in the market clearing. In this mechanism, market participants
not only have to guess the marginal bid but also the declared unutilized
capacity, i.e., baseline, by other agents. Fig. 12 shows three examples
of potential FSP strategies in a hypothetical example. The sum of sold
connection capacities are 15 kW, and the active power rating of the
transformer is 10 kW. In case one, the expected unutilized capacity
declared by the DSO is 3 kW while FSPs have declared 1 kW. The
untruthfulness of the FSPs has led to market preventing the untruthful
behavior by clearing only 1 kW. In this case, a lower reward is given
to FSPs compared to cases 2 and 3. In case 2, the FSPs have been
truthful about the unutilized capacity but have aggressively pushed up
the prices for the utilized capacity to be slightly below DSO’s marginal
utility. In this case the market is cleared at 5 kW and the congestion
is alleviated. Another strategy can be that FSPs are untruthful about
their unutilized capacity but are less aggressive in increasing their
prices for their utilized capacity. In case 3, the cleared quantity is also
5 kW and the FSPs would get the same reward as in case 2. These
examples show how the market participants have to negotiate their
baselines (unutilized capacity). The market clearing protects the market
participants interest in case the mismatch of the prices and the baselines
are very large and it makes sure the total utility is always more or equal
to the total cost at the cleared quantity.

The dominant strategy of FSPs in this setup can be studied by
evolutionary game theory in a future work. Such a study can include
defining various strategies as above. An aggressive exercise of such
strategies can lead to the market being cleared at lower quantities lead-
ing to a lower reward compared to less aggressive strategies. Therefore,
conducting such an study would be valuable for identification of a
dominant mixed strategy for FSPs.

3.5. Scalability and robustness

The scalability of the proposed design can be discussed from two
angles: the required computational power for up-scaling to larger net-
works with larger number of FSPs, and scalability to other type of
networks such as meshed distribution grids. The proposed design ben-
efits from its distributed structure where agents compute their bidding,
offering, and scheduling locally and in a distributed manner. Therefore,
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Fig. 12. Potential bidding strategies for FSPs.
Table 4
Market clearing computation time for different number of sub-bids.

# Sub-bids 30 300 3000

MILP 0.00 (s) 0.12 (s) 7.1 (s)
MILP + overhead 0.07 (s) 2.33 (s) 120.3 (s)

the required computational power for up-scaling concerns only the
market clearing algorithm. The market clearing is a mixed-integer
linear programming (MILP) problem where the number of variables
and constraints are correlated with the received sub-bids and offers
(Section 2.2.4). To compare the required computation time for clearing
the market, three scenarios with 30 (the illustrative simulation exam-
ple), 300, and 3000 bids and offers are compared on a laptop with
Intel(R) Core(TM) i5-8365U @1.60 GHz 4 Cores, and 16 Gb of RAM
using the Python interface of Gurobi 9.5.1. Table 4 shows that the
computation time, even for the case with 3000 sub-bids (100 times
larger than the simulation example), is acceptable for the time frame
of a day-ahead market. Additionally, the overhead computation time
can be further reduced by improving the code if needed. The overhead
includes reading and organizing the bids and offers and transforming
them into the optimization formulation.

Regarding the scalability towards meshed grids, the proposed mar-
ket design is primarily tailored for addressing congestion issues in
radial distribution networks. While meshed grids are relatively uncom-
mon in distribution networks, it is still possible to adapt the design
to accommodate them. One approach is to calculate the contributions
of each load in the system to the power flow in a specific line using
power transfer distribution factors, as described in [49]. These factors
can be pre-calculated and dependent on the grid topologies. Based
on these factors, the current market design can still accept bids from
each load (node), which can then be re-evaluated considering their
actual contributions to congestion over a line, before being cleared.
Other adaptations can be running the market in sub-areas, or sending
the cleared market caps/floors to the DSO to be used as a worst-case
scenario for power flow calculations.

The robustness of the proposed design can be discussed from the
angle of general discussions on robustness of market-based solutions.
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The proposed triple-stage design can provide robustness in varying net-
work conditions by providing opportunities for availability payments,
capacity-limitation service trade, and adjustments which can support
the decision making of market participants. For example, through the
long-term market stage, DSOs can realize in advance if there will be
enough amount of flexibility available and thereof decide whether
to choose flexibility or to reinforce grid. If there has been enough
amount of flexibility, the DSO can procure capacity-limitation services
in the short-term market. Additionally, in the case of a change in
the network condition through changes in the load forecasts, the DSO
can procure larger or smaller amount of flexibility depending on the
updated forecasts. Even after the short-term market, further forecast
deviations can be adjusted through the adjustment market. Therefore,
from a market design perspective, the proposed triple-stage design can
minimize the risk of congestion by providing reliability and support for
decision making of the agents at different time horizons where varying
network conditions can be incorporated.

3.6. Other alternatives to the proposed design

There are other alternatives to the proposed design. An alternative is
a reversed one-sided auction in which the DSO purchase by the merit
order until the congestion is solved. However, in one-sided auctions,
the willingness of DSOs for payment is not included and thus high
costs might be imposed on DSOs. Another alternative design to LFMs
are local capacity markets (also known as tradable access rights). In
such mechanisms, a fixed amount of available connection capacity
can be auctioned or grandfathered and then the connection capacity
can be directly traded between the consumers and the DSO. Similar
ideas have been discussed in [50–52]. A potential challenge for this
alternative is consumer discrimination regarding capacity prices at dif-
ferent geographical locations. An alternative to market-based solutions
is tariff-based solutions. There exist different types of tariffs such as
time of use (ToU) tariffs and power tariffs. ToU tariffs, if used for
reflecting the local grid constraints, can lead to consumer discrimi-
nation since they can differ depending on the consumers’ location.
Moreover, tariffs such as static ToU and power tariffs cannot cover
unexpected events or adjustments and can also lead to rebound effects
by shifting congestion to other hours. The discrimination also exists for
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LFMs since the opportunity for revenues from LFMs is only available
to FSPs located in specific geographical areas with congestion issues.
This can be especially discriminating towards end-users located at non-
congested areas because DSOs pay FSPs through the collected grid
tariffs from consumers located at both congested and non-congested
areas. A potential measure addressing the discrimination issue can
be varying the fixed part of the grid tariffs depending on the status
of the grid where end-users are located. Consequently, studying a
combination of solutions such as different tariff designs and market-
based solutions would be valuable for finding the most social optimal
solution [5].

3.7. Deployment requirements

The requirements and considerations to deploy the proposed market
include: (1) smart-meters for delivery validation, (2) VoLL estimations
for bidding algorithms, (3) EMS for FSPs for extracting the cost curve,
congestion prognosis a few years ahead, hourly congestion forecasts
up to a day-ahead, (4) consideration of end-users not participating
in the market, (5) considering grid losses in the bidding of DSOs,
and (6) handling rebound effects from deploying the LFM. The first 3
requirements are relatively clear. However, requirements 4–6 may need
further clarification.

Regarding requirement 4, not all end-users would in real-life partic-
ipate in the LFM and this needs to be considered. From the perspective
of the market, these end-users can be considered as inflexible and rep-
resented by two alternatives. An alternative is to estimate their unused
capacity and deduct it from part (I) of the utility curve (Fig. 6(b)).
Another alternative is to submit a supply bid on their behalf in the
shape of an ascending step function with low valuation in the first
part (representing the unutilized capacity) and a high valuation in the
second part (representing the capacity used for inflexible loads).

Regarding requirement 5, if grid losses are not considered, the
loading of the congested component may end up being higher than the
expected cap after flexibility procurement (as shown in Section 2.3).
To address this, DSO can see grid losses as an ‘‘end-user’’ that con-
sumes electricity and consider it as an inflexible end-user through the
alternatives mentioned for requirement 4.

Regarding requirement 6, the rebound effects can be handled by two
means: (1) the probabilistic nature of the DSO’s bidding algorithm, and
(2) enforcing mechanisms such as power tariffs besides the proposed
LFM. The hours with a loading close to the component rating can be
prone to rebound effects. The proposed probabilistic approach will lead
to scenarios where congestion is expected in the neighbouring hours.
Consequently, the algorithm will lead to purchasing the service for
more than one step, although, the lower the probability of congestion
is, the less the declared utility would be. Additionally, incorporating
mechanisms such power tariffs besides the proposed LFM design, can
contribute to avoiding rebounds effects by providing incentives for peak
reduction. The rebound effects can be further studied in future work.

3.8. Limitations, adoption barriers and future work

Based on the above-mentioned discussions, limitations and barriers
are foreseen for the adoption of the proposed design. These limita-
tions and barriers are summarized below and future work for further
studying these barriers is proposed.

1. Market liquidity: Although market liquidity can be improved
using the mentioned suggestions, it can continue to exist and
be an adoption barrier. This can raise concerns for DSOs re-
garding reliability of LFMs and can cause higher costs due to
lack of competition. For future work, an investigation, similar
to [46], on a suitable size for the LFMs can be done using
evolutionary game theory and agent-based models. Moreover,
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non-mechanism-design related causes for low liquidity can be
studied, for example, barriers for digitalization and automa-
tion, bureaucratic pre-qualification procedures, lack of relevant
competences, and contradicting/unclear regulations.

2. Potential gaming: Another barrier is that FSPs compensated for
availability through the long-term market, can exercise potential
gaming in the short-term market that can raise reliability con-
cerns. To address the potential gaming by these FSPs, finding
suitable mechanisms such as price-cap curves can be investigated
which can be enforced on these FSPs within the short-term
market.

3. Complexity and the DSOs utility curve: Complexity is a limita-
tion of the proposed design. Despite the benefits of CL products,
they can increase the complexity of the design, especially consid-
ering heterogeneity of the product, and consequently the shape
of the DSO’s utility curve and the internalized negotiation on
baselines. Therefore, the shape of the demand curve for the CL
product can be further investigated in future work.

4. Rebound effects: Another limitation of the proposed design
is that it does not inherently include direct measures against
rebound effects. However, the rebound effects can be handled
by the probabilistic nature of the DSO’s bidding algorithm, and
enforcing mechanisms such as power tariffs besides the proposed
design as explained in Section 3.7. Future work can study what
share of the rebound effects can be handled using these two
means.

Additionally, the current study mainly evaluates the proposed de-
sign from a qualitative perspective through the identified challenges
and the provided solutions. Therefore, the design can be further evalu-
ated in a detailed quantitative study including a comparison with other
congestion management methods such as power tariffs and local energy
markets. The design can be quantitatively evaluated utilizing a holistic
approach as proposed in [53]. The quantitative evaluation metrics can
include the number of congested hours under each congestion manage-
ment method, load duration curves of the critical grid components, and
the cost of market participants.

4. Conclusions

In this paper, five important challenges in designing LFMs were
identified and argued for from the mechanism design perspective and
by literature review. A comprehensive design was proposed to ad-
dress the challenges. The challenges and the proposed solutions are
summarized below:

1. Low market liquidity: An integrated long-term market for flexi-
bility availability, and allowing multi-bids,

2. Reliability concerns: An integrated triple-stage market structure,
3. Baseline challenge: A new capacity limitation product with re-

spect to subscribed connection capacities, and a market clear-
ing algorithm that internalizes an automatic negotiation of the
unutilized capacity,

4. Forecast errors at low aggregation levels: A continuous adjust-
ment market and probabilistic approaches for marginal utility
calculations,

5. Potential high costs for ICT and delivery validation: A new
capacity limitation product that its delivery can be validated
using net-load measurements from smart meters.

The proposed solutions are provided focusing on real-life applica-
tions. Therefore, it can contribute to a better understanding of the
problem from a multi-dimensional perspective among different stake-
holders such as policy-makers, system operators, flexibility providers,

and researchers.
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Fig. A.13. The residential sub-network of CIGRE’s European Low Voltage Distribution
Network [54].
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Appendix. Illustrative simulation example

An illustrative simulation example is designed to show how the
proposed design work. The example is focused on the short-term market
because: (1) the long-term market is very similar to the short-term
market except that the valuations and quantities are declared with a
long-run marginal cost/utility and for reservation purpose; and (2) the
continuous adjustment market is a conventional continuous market.
Moreover, it has been assumed that there is enough flexibility available
in the example.

The residential sub-network of CIGRE’s European Low Voltage Dis-
tribution Network [54] is used as the test-system (Fig. A.13). This
test-system is chosen due to potentials for conducting comparable
studies and benchmarking. However, in this network, neither loads are
flexible, nor the transformer between buses R0 and R1 is congested.
Therefore, the six loads are replaced by five flexible FSP agents, and
the rating of the transformer is reduced by 70%.

The FSP agents are constructed based on real data from different
sources. The gross load and PV production of the FSPs are presented
in Fig. A.14. The load data for residential agents are from [55] and
15

a local DSO in Sweden. Solar radiation data is obtained from [56]. In
this case-study, battery energy storage (BES) is considered as the only
flexibility resource. The energy management system of each FSP is an
adapted version of our previous work [57]. The energy management
system is a cost minimization algorithm that is run with a rolling time-
horizon deciding the battery dispatch and PV curtailment levels. The
cost function includes energy and power costs. The FSP agent module
includes a bid generator function that provides the cost curve of the FSP
for providing different quantities of capacity limitation product. At the
moment these modules are kept simple since the aim of the example
is to illustrate the market design. Details of the FSPs optimization
algorithm are provided in Appendix A.1.

The DSO agent includes a congestion forecast module that runs
power flow calculations based on the output of load and PV forecasts
and finds the hours that CL product should be requested. A perfect
forecast based on historical data is assumed for the congestion forecasts.
As the case-study is designed for illustrative purposes, the assumption
for the shape of the probability distribution curve would not affect our
conclusions. Power flow calculations are done using the Pandapower
package [58] in Python.

A.1. Optimization algorithm of flexibility service providers’ EMS

In this study, flexibility service providers own battery energy stor-
age (BES) and photovoltaic (PV) panels. The PVs have different ge-
ographical orientations. The FSPs and their assets are presented in
Table A.5.

The dispatch of batteries for each FSP is decided individually by a
cost minimization algorithm in their EMS that is presented in Eq. (A.1).
The optimization algorithm runs every hour and decides the dispatch
for the next 48 h ( ). The objective function (A.1a) includes power
costs (𝐶power), energy import costs (𝐶 imp), and energy export revenues
(𝑅exp). The revenues from LFM is not included to extract the truthful
cost curve for providing CL product. The fees for energy import (𝜌imp

𝑡 )
and export (𝜌exp𝑡 ) are shown in (A.2). The fees include electricity
spot-market prices (𝜌spot𝑡 ), power tariffs (𝜌Ptarif f ), grid energy tariffs
(𝜌gridtarif f ), energy tax (𝜌tax), and tax returns (𝜌taxreturn) in the case of
export of energy to the grid. 𝜌spot𝑡 is presented in Fig. A.14, 𝜌Ptarif f is
1.21 SEK/kW for the daily peak [59], 𝜌gridtarif f is 0.30 SEK/kWh [59],
𝜌tax is 0.33 SEK/kWh [60], and 𝜌taxreturn is 0.60 SEK/kWh [61].

min
𝛯

𝐶power +
∑

𝑡∈
𝐶 imp
𝑡 − 𝑅exp

𝑡 (A.1a)

= 𝜌Ptarif f 𝑝max +
∑

𝑡∈
𝜌imp
𝑡 𝑝imp

𝑡 − 𝜌exp𝑡 𝑝exp𝑡

s.t.

𝜉 ≥ 0 ∀𝜉 ∈ 𝛯 (A.1b)

𝑧BES𝑡 ∈ {0, 1} ∀𝑡 (A.1c)
𝐁𝐚𝐥𝐚𝐧𝐜𝐞 ∶

𝑝load𝑡 + 𝑝exp𝑡 + 𝑝BES,ch𝑡 − 𝑝PV𝑡 − 𝑝BES,dch𝑡

− 𝑝imp
𝑡 = 0 ∀𝑡 (A.1d)

𝐁𝐄𝐒 ∶

𝑝BES,ch𝑡 ≤ 𝑝BES ∀𝑡 (A.1e)

𝑝BES,dch𝑡 ≤ 𝑝BES ∀𝑡 (A.1f)

𝑝BES,ch𝑡 ≤ 𝑧BES𝑡 𝑀 ∀𝑡 (A.1g)

𝑝BES,dch𝑡 ≤ (1 − 𝑧BES𝑡 )𝑀 ∀𝑡 (A.1h)

𝑒BES𝑆𝑜𝐶min ≤ 𝑒BES𝑡 ≤ 𝑒BES𝑆𝑜𝐶max ∀𝑡 (A.1i)

𝑒BES𝑡 = 𝑒BES𝑡−1 + 𝜂𝑝BES,ch𝑡 − 1
𝜂
𝑝BES,dch𝑡 ∀𝑡 (A.1j)

𝐩𝐦𝐚𝐱 ∶

𝑝max ≥ 𝑝exp𝑡 + 𝑝imp
𝑡 ∀𝑡 (A.1k)

𝐏𝐕 ∶
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Fig. A.14. The gross load and PV production of the FSPs with the congested hour h7336 highlighted.
Table A.5
The location and the assets of FSPs.

ID Bus Connection capacity (kW) PV capacity (kW) PV orientation BES power (kW) BES energy (kWh)

FSP0 R16 27 15.3 West 0 0
FSP1 R17 30 12.5 South 5 13.5
FSP2 R18 63 15.3 South 0 0
FSP3 R1 50 11.8 South 5 13.5
FSP4 R11 30 12.7 East 5 13.5
FSP5 R15 30 10.3 South 5 13.5
e
t
o
c
l
t

L
q
(

𝑝PV𝑡 = 𝑟𝑡𝑝
PV − 𝑝PV,curt𝑡 ∀𝑡 (A.1l)

𝐂𝐋 − 𝐜𝐚𝐩 ∶

𝑝imp
𝑡 ≤ 𝑝net − 𝑞CLcap𝑡 ∀𝑡 (A.1m)

𝜌imp
𝑡 = 𝜌spot𝑡 + 𝜌gridtarif f + 𝜌tax (A.2a)

𝜌exp𝑡 = 𝜌spot𝑡 + 𝜌taxreturn (A.2b)

The decision variables of the algorithm are 𝛯 = {𝑝imp
𝑡 , 𝑝exp𝑡 , 𝑝max,

BES,ch
𝑡 , 𝑝BES,dch𝑡 , 𝑧BES𝑡 , 𝑒BES𝑡 , 𝑝PV𝑡 , 𝑝PV,curt𝑡 ∣ ∀𝑡 ∈  }. 𝑝imp

𝑡 and 𝑝exp𝑡 are the
imported and exported power at each time step. They will not occur
at the same time because it would lead to higher power costs and also
𝜌imp
𝑡 is always larger than 𝜌exp𝑡 that leads higher costs than revenues.

𝑝max is the maximum net-load of the optimization problem. 𝑝BES,ch𝑡 and
𝑝BES,dch𝑡 are charging and discharging power of the battery. 𝑧BES𝑡 is
a binary variable indicating charging mode when 1, and discharging
mode when 0. 𝑒BES𝑡 is the energy content of the battery. 𝑝PV𝑡 is the final
PV production after considering the potential curtailment 𝑝PV,curt𝑡 .

The optimization is subjected to a few constraints. The balance
onstraint (A.1d) makes sure the input and output energy is in balance
n each hour. Constraints (A.1e) and (A.1f) limit the charging and dis-
harging power of the battery to its nominal values (𝑝BES). Constraints

(A.1g) and (A.1h) make sure charging and discharging cannot happen
at the same time using the big-M method. Constraint (A.1i) limits the
energy content of the battery to a minimum and maximum state of
16
charge (SoC) to reduce degradation in the battery. 𝑒BES is the nominal
nergy capacity of the battery in this constraint. Constraint (A.1j) is
he inter-temporal constraint of the battery linking the energy content
f the battery to its previous step energy content while considering
harging and discharging efficiencies. Constraint (A.1k) finds out the
argest net-load of the FSP in each time horizon. In constraint (A.1l),
he power from the PV is calculated from the irradiation (𝑟𝑡), its

nominal capacity (𝑝PV), and the potential curtailed power (𝑝PV,curt𝑡 ).
astly, constraint (A.1m) limits the imported power by the sold CL-cap
uantity (𝑞𝐶𝐿𝑐𝑎𝑝

𝑡 ) with respect to the subscribed connection capacity
𝑝net).

A.2. FSPs’ bids and market clearing results

The FSPs’ bids at h7336, clearing results, and PAB payments are
presented in Table A.6. The sum of sub-bid quantities for each FSP is
equal to its subscribed connection capacity 𝑃

net
. The minor deviations

are due to rounding errors. The payments to the FSPs are small because
the EMS of the FSPs could implement a re-dispatch of the flexible assets
with a low cost. Payments to FSPs that get only their 𝑔0 cleared can be
argue by providing a certainty for the DSO that the net-load will be
under a certain cap. Moreover, this payment is a pay-back to the FSPs
for limiting their subscribed connection capacity at this specific hour
that is already paid for.
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c
𝑥

Table A.6
FSPs’ bids, clearing results, and PAB payments at h7336 where 𝑃

net
: subscribed

onnection capacity, 𝑔: sub-bid id, 𝑞: offered CL-cap quantity, 𝑢: offered valuation,
: cleared quantity, 𝑃𝐴𝐵: pay-as-bid payment.
ID 𝑝net [kW] 𝑔 𝑞 [kW] 𝑢 [ SEK

kW
] 𝑥 [kW] PAB [SEK]

FSP0 27.0
g0 11.5 0.17 11.5 2.0
g1 15.5 87.37 0 –

Sum 27.0 N/A 11.5 2.0

FSP1 30.0

g0 13.3 0.17 13.3 2.3
g1 2.6 1.61 0 –
g2 2.0 1.64 0 –
g3 0.4 1.70 0 –
g4 11.7 87.37 0 –

Sum 30.0 N/A 13.3 2.3

FSP2 63.0
g0 9.6 0.17 9.6 1.6
g1 53.4 87.37 0 –

Sum 63.0 N/A 9.6 1.6

FSP3 50.0

g0 10.5 0.17 10.5 1.8
g1 0.6 1.51 0 –
g2 2.1 1.85 0 –
g3 36.8 87.37 0 –

Sum 50.0 N/A 10.5 1.8

FSP4 30.0

g0 15.4 0.17 15.4 2.6
g1 3.8 0.98 2.2 2.2
g2 1.2 1.00 0 –
g3 9.6 87.37 0 –

Sum 30.0 N/A 17.6 4.8

FSP5 30.0

g0 15.0 0.17 15.0 2.6
g1 2.7 0.92 2.7 2.5
g2 2.3 0.98 0 0
g3 10.0 87.37 0 –

Sum 30.0 N/A 17.7 5.1

Total sum 230.0 N/A 230.0 N/A 80.2 17.4
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