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A B S T R A C T

Increasing peaks from high-power loads such as EVs and heat pumps lead to congestion of electric distribution
grids. The inherent flexibility of these loads could be used to resolve congestion events. Possible options
for this are smart network tariffs, market-based approaches, and direct control of flexible loads by the
network operator. In most instances, these approaches are looked at in isolation, without considering potential
connections and trade-offs between them. In this contribution, we aim to bridge this gap by presenting an
overarching design framework for congestion management mechanisms. We classify proposals based on design
choices and qualitatively discuss their benefits and risks based on an extensive literature analysis. As there is
no one-size-fits-all solution, we map possible risks and discuss the pros and cons of different mechanisms for
various problem types. We caution against using market-based mechanisms for local congestion, as they can
be susceptible to undesired strategic behavior of market actors.
1. Introduction

Background
More Distributed Energy Resources (DERs) like PV cells, EVs, bat-

teries, and heat pumps are connected to the electric grid daily. These
resources help to decarbonize the energy system. Still, they also bring
new challenges for electric distribution networks: high power usage or
feed-in from these sources can lead to overloading or voltage problems,
also called network congestion.

Upgrading the network to the point where it could accommodate
all these new loads and generators is not an option: it would be very
costly and likely not be possible at the required pace. However, it is
also unnecessary: In many cases, these new DERs are highly flexible:
EVs, batteries, and heat pumps do not need to run at a specific time, but
instead, they need to fulfill an energy requirement over a time interval.
PV feed-in can be curtailed or absorbed by batteries and other uses.
Therefore, it is possible to flatten the peaks created by these energy
resources and ensure that the total load stays within safe network
limits. Thus, a much more efficient solution is to resolve grid congestion
more smartly by using this flexibility to flatten network peaks (Spiliotis
et al., 2016).

The main options for doing this are: making network tariffs smarter,
using local markets for redispatch, or directly controlling loads that

∗ Corresponding author.
E-mail address: r.j.hennig@tudelft.nl (R.J. Hennig).

sign up for demand response programs. In the latter two cases, the
congestion management method is added to the existing network tariff,
which can create confusion around the relationship between congestion
management and network tariffs. In general, the primary function of
tariffs is to allocate the costs of building and maintaining the network
to its users (Reneses and Ortega, 2014; Hennig et al., 2022a). As a sec-
ondary function, these tariffs can incentivize more intelligent network
use. In this case, they are also called ‘‘smart’’ tariffs. For congestion
management, the problem is how to make the best use of flexible loads
to remove congestion. This relation is shown in Fig. 1. These methods
are mainly discussed in isolation, and how they relate is often unclear.
The lack of clarity may lead to uncertainty and delays in preparing
appropriate congestion management strategies. These delays can be
costly: failing to anticipate what is needed to manage congestion may
lead to forceful curtailment of loads, overload of grid equipment, or
inefficient solutions. Network operators, regulators, and other stake-
holders need to understand the possible solutions to decide on their
strategies to be prepared for a future where congestion is becoming
much more common.
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Acronyms

BRP Balance Responsible Party
CEER Council of European Energy Regulators
CLS Capacity Limitation Services
CM Congestion Management
CPP Critical Peak Pricing
DER Distributed Energy Resources
DG Distributed Generation
DLC Direct Load Control
DLMP Distribution Locational Marginal Prices
DSO Distribution System Operator
EV Electric Vehicle
LFM Local Flexibility Market
LV/MV/HV Low/Medium/High Voltage
NCPC Network Coincident Peak Charges
PV Photo Voltaic
QoS Quality of Service
ToU Time of Use
TSO Transmission System Operator
VCG Vickrey–Clarke–Groves auction

Contribution of this article
In light of these challenges, the contributions of this article are:

1. To structure the literature by investigating the design choices of
congestion management (CM) approaches. Based on the design
choices, we divide CM methods into four families: static and
dynamic access prices, Local Flexibility Markets (LFMs), and
direct control methods.1

2. To qualitatively discuss the benefits and drawbacks of these
types of methods.

3. To consider the influence of design choices on performance and
risk.

The leading search terms to identify relevant literature were ‘‘con-
estion management’’, ‘‘network tariffs’’, ‘‘dynamic tariffs’’, ‘‘flexibility
arkets’’, ‘‘demand response’’, and ‘‘load curtailment’’. We also used

nowballing from these articles and web searches to identify further
elevant literature and industry reports of related stakeholders. These
rticles were synthesized to identify the possible design choices at
higher level and reflect on the impact of these design choices on

erformance and risks.
The questions addressed in each section are as follows. Section 2:

hat types of congestion problems occur in electric distribution net-
orks? Section 3: What are the required objectives of a successful

ongestion management (CM) mechanism? Section 4: What are the
rucial design choices for CM mechanisms? Section 5: Which are the
ain proposals for CM mechanisms, and how can they be classified

ased on their design choices? Section 6: What are the benefits and
rawbacks of each method concerning the objectives, what risks exist,
nd how do design choices influence performance and risks? Section 7
oncludes the article.

. Congestion problem specification

There is a wide variety of congestion problems regarding their spa-
ial localization, timing and predictability, type of network limitation,
nd external circumstances. These parameters strongly influence the

1 Standard network tariffs belong to the static access price category, while
mart tariffs can integrate aspects of dynamic aspect prices and direct control.
2

types of solutions that apply to the problem. We give a brief overview
of the different options.

In terms of the spatial location of network problems, the options
range from highly localized to spread out over larger areas:

• LV feeders or transformer stations for up to about a hundred
households,

• MV feeders or transformer stations for hundreds to thousands of
households,

• HV transmission cables or transformer stations for 10,000 or more
households,

For timing and predictability of the problem, the main question
is: Does the congestion problem occur at a relatively regular and, on
average, predictable time or at random times? In the former case, it
is likely related to a corresponding increase in firm loads during peak
hours in the network, e.g., the evening hours when many people come
home from work. In the latter case, it is likely related to external factors
such as outages and maintenance events, low wholesale energy prices,
or extreme weather events. The Council of European Energy Regulators
(CEER) (2020) distinguishes these two types as: ‘‘structural’’ congestion
which is regular and predictable long in advance, and ‘‘sporadic’’
congestion which is irregular and predictable only in the near term or
near real-time.

In general, the predictability of the problem may be better for
larger spatial areas, as random fluctuations tend to average out over
larger samples. Thus, larger MV substations may be associated with a
higher degree of structural congestion and a lower degree of sporadic
congestion relative to smaller LV-network feeders, where overload can
occur due to relatively few EVs charging at full power. Nevertheless,
this general tendency does not rule out predictable congestion of highly
loaded LV feeders, e.g., in the case of industrial sites with well-known
schedules or residential areas with excessive solar PV generation.

Regarding the type of network limitation, we focus here on mech-
anisms that deal with the thermal load limits of network equipment.
This limitation is often the most pressing one, and the one for which
most proposals have been made, according to Anaya and Pollitt (2021).
Other types include voltage and reactive power limits (Anaya and
Pollitt, 2021; Tabors et al., 2017). A further distinction for thermal load
limits can be made by the ‘‘direction’’ of congestion: Is it caused by too
much load on the feeder or too much feed-in?

Dronne et al. (2020) review several external circumstances and how
they may impact the design of new CM solutions. In addition to the
type and depth of congestion, they consider the existence of and need
for new flexibility resources, the organizational structure of network
operation (e.g., number of customers per DSO and interactions between
DSOs with each other and the TSO), the regulatory landscape and pre-
existing approaches for CM. All of these may influence the choice of
the solution.

Unfortunately, data on the specifics of congestion problems is hard
to find. At the European level, the JRC (Prettico et al., 2021) and the
European Commission (European Commission - General Directorate for
Energy, 2015) have undertaken and published data-gathering exercises
from DSOs across Europe. These reports include aggregate service qual-
ity measures like SAIDI and SAIFI. Unfortunately, they do not include
detailed information on existing and anticipated congestion problems:
their type and depth, localization, and timing. This information would
benefit academic and regulatory purposes to develop fit-for-purpose
solutions.

3. Objectives for congestion management

The main objective of CM is to flatten network peaks such that
all network constraints are respected. However, there are also sev-
eral related objectives. These include reliability, social costs, non-
discrimination, complexity, and allowing the use of flexibility for other

purposes.
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Fig. 1. The relation of congestion management and network tariffs.
Reliability. Thermal load limits and voltage constraints of all net-
work nodes should not be exceeded. Ideally, this should always hold,
though, in practice, minor violations of thermal load limits and power
quality can be acceptable (Haque et al., 2016).

For this objective, it is necessary to take a holistic perspective
of congestion in space and time. A mechanism that merely moves
congestion from one point in space and time to another (also called
displacement or spillover) or does not fully resolve it would not be
reliable.

Social Costs. This objective concerns the costs of complete con-
gestion removal. In some mechanisms, the network operator has to
bear these costs, while in others, it obtains ‘‘congestion rents’’ (e.g., in
dynamic network pricing). A societally cost-efficient mechanism will
remove congestion by shifting or curtailing those loads with the lowest
willingness to pay at a given moment. These are typically EVs or
heat pumps with much slack in their constraints. Furthermore, the
mechanism should only lead to network costs around the marginal cost
of shifting these loads to another time. This marginal cost can often be
related to the wholesale price difference between the congested times
and the next-lower price time steps.

If prices are significantly higher than that, the network operator
overpays flexibility providers or charges excessive congestion rents (de-
pending on the mechanism, see Section 4). The first case is problematic
because these expenses must be recovered from the general user base.
In contrast, the second case is problematic as it means that network
capacity would not be used to the extent possible when it is highly
desired. Ideally, congestion should be removed by shifting only those
necessary loads with the lowest cost of moving and setting prices close
to their marginal cost of shifting.

Non-discrimination. On average, the congestion management
mechanism should not treat network users differently. However, since
different network areas are congested to different degrees, some form
of discrimination is inherent to the problem. Discrimination can be
mainly due to price differences, where consumers in congested areas
pay higher prices on average, or quality-of-service (QoS) differences.
This situation occurs because some CM approaches are based on limited
curtailments of flexible loads signed up for contracts with interruptible
connections. Users with such agreements in congested areas will be
curtailed more often than in non-congested areas.
3

One possibility to resolve the dilemma could be to tie the price
discrimination to the QoS discrimination: users of flexible loads that
are curtailed more often could receive compensation through the CM
mechanism accordingly.

Complexity. A common practical problem is that elaborate solu-
tions are often difficult to implement and understand for users, which
can hamper their effectiveness in real-world conditions, even when they
are theoretically highly efficient. Therefore, CM mechanisms should be
easy to implement and understand for all participants. The rules and
parameters of the mechanism should be transparent and be commu-
nicated to users. It should also build on existing network codes and
ensure that new functions are thoroughly tested and verified to work
under real-world conditions at the required scale.

Flexibility for other purposes. If possible, the congestion manage-
ment mechanism should not prevent flexibility providers from making
it available for other purposes as well, such as services for the Trans-
mission System Operator (TSO) and Balance Responsible Parties (BRPs)
portfolio management (Ramos et al., 2016; Stawska et al., 2021).2

Significant in this regard is the further enhancement of TSO-DSO
coordination. As analyzed in Martín-Utrilla et al. (2022), TSOs and
DSOs often have overlapping needs for flexibility products. Some of
these may be satisfied by common market mechanisms, while others
may have to be satisfied by non-market-based mechanisms, e.g., due
to low liquidity. Either way, it is essential to ensure that mechanisms
activated by the TSO or DSOs do not adversely affect the operation
of the other party (DSOs or TSOs, respectively). Many projects are
currently studying this issue in the European context.3 For further
literature on the topic, we refer to Martín-Utrilla et al. (2022).

2 One option to fulfill this objective, is to leave some headroom between the
scheduled flexible loads and the binding network constraint. For EVs, charging
can be scheduled to up to 80%–90% of the rated transformer capacity. This
practice allows flexibility in up and down directions for additional purposes
at the TSO level or real-time portfolio balancing. It also has the added benefit
of reducing operational uncertainty and costs of losses and transformer ag-
ing (Haque et al., 2016) for the DSO, as these are higher when the transformer
is loaded near 100%.

3 See CoordiNet, SmartNet, INTERRFACE and OneNet, among others.

https://coordinet-project.eu/
http://smartnet-project.eu/
http://www.interrface.eu/
https://onenet-project.eu/
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4. Design choices of congestion management mechanisms

There is a large variety of different proposals for CM mechanisms.
However, many studies or reports only present one proposal without
discussing how choices in its design would influence the outcomes.
Thus, in the following, we want to answer the question: What are the
fundamental decisions for CM mechanisms?

Note that our primary focus is on the situation in Europe. In the
EU and the UK, electricity systems have been subject to ‘‘unbundling’’
since the late 1990s. The formerly integrated utility companies for
electricity delivery have been split up during this process. Transmission
and distribution system management is now handled by independent
system operators (TSOs and DSOs), while power generation has been
liberalized and opened up to market competition (Meeus, 2020). For
reference, we also include considerations for the vertically integrated
utilities, operating in North America and other parts of the world. Not
all design choices discussed here apply in all contexts, depending on
the market design and the regulatory environment.4

4.1. Load/feed-in controlling party

Ultimately, the DSO ensures stable electricity delivery through the
network which avoids dangerous network overload that could cause
equipment failure. However, there is a question of how this control is
achieved. The DSO has three options. The first is to directly control
loads or curtail generator/battery feed-in of end-users. The second is
to let end-users control their loads and generators. In this case, the
DSO needs to give contractual specifications and financial incentives for
users to maintain control to stay within network bounds. This practice
particularly applies to large, industrial, or commercial consumers (Rich-
stein and Hosseinioun, 2020). The third is to have contracts with
aggregators to control end-user loads or generators. The contractual
specifications and financial incentives are then agreed upon with an
aggregator that handles many individual end-user loads rather than
directly with the end-users.

4.2. DSO position: offer or buy-back of network access

This design choice concerns whether the required control is in-
cluded directly in the network access conditions or whether network
access is offered without tight limitations (i.e., in a way that may lead
to network overload) and then effectively ‘‘bought back’’ by the DSO.
We call this the ‘‘DSO position’’ and distinguish between:

• Offer: In unbundled electricity systems, the DSO already has
contractual agreements that specify network access conditions
and tariffs (Hennig et al., 2022a).5 Thus, incentives to reduce
network stress can be included in the access conditions offered by
the network operator. These incentives can be part of the standard
network tariff or separate agreements for flexible loads (Fuller
et al., 2011) and generators (Anaya and Pollitt, 2015). These
incentives may not always be sufficient to remove congestion,
especially in static tariffs. A remedy like buy-back approaches or
curtailment may be necessary in these cases.

• Buy-back: The DSO asks end-users for a ‘‘buy-back’’ of network
access rights. There is a two-stage process to determine the final
network access conditions. The DSO offers network access under
its general access rules in the first stage. In the second stage, it
estimates what is needed to resolve network congestion and pays
users or aggregators to deliver load (or feed-in) shedding services
to resolve the congestion.

4 Furthermore, we consider only contractual forms of CM, not technical
etwork reconfiguration, as discussed by Huang et al. (2015).

5 Note: Similar contractual agreements exist for vertically integrated utili-
ies. However, in this case, they are not just for distribution network access,
ut for all parts of the power provision chain: generation, transmission, and
4

istribution. c
The Universal Smart Energy Framework (USEF), proposed by the
USEF foundation (de Heer et al., 2021), distinguishes similar perspec-
tives from the point of view of the flexibility provider: flexibility that is
steered through the access conditions of the DSO (in conjunction with
other charges) is called ‘‘implicit flexibility’’, whereas a buy-back of
network access is an example of ‘‘explicit flexibility’’ trading. The latter
can also be traded for purposes such as TSO network management or
portfolio optimization (de Heer et al., 2021; Ramos et al., 2016).

4.3. End-user position: applied loads, relation to tariff and consent

Similar to the DSO position, we can also look at contractual options
from the end-user’s perspective. CM mechanisms may be distinguished
by the devices to which they apply. Options are:

• Applies equally to all loads and distributed generation.
• Targets flexible loads like EVs and heat pumps specifically. In

practice, this requires the installation of a separate meter for these
loads to be able to make a distinction in the tariff.6

• Distinguishes between feed-in and take-off (i.e., ‘‘up’’ and ‘‘down’’
regulation in analogy to balancing at the transmission level).

Secondly, they can be distinguished by the relation between the CM
echanism and the default network tariff.7 The CM mechanism can

replace the default tariff for these loads or apply in addition to the
default tariff.

Thirdly, an essential choice for coverage of the mechanism is
whether users can opt into the mechanism or not. We call these options
for participation ‘‘by consent’’ and ‘‘by default’’.

4.4. Price formation

There are two possible options by which prices for network access
or buy-back can be set. The first one is regulated, where the DSO sets
prices for network access and congestion-related buy-back of network
access in agreement with the regulator. The regulated prices can be
static and fixed in advance or dynamic and responsive to network
condition forecasts (see Section 4.5). This approach is the most common
for ‘‘Offer’’-based CM approaches.

The second option for price formation is ‘‘auction-based’’. Auctions
are used mainly in ‘‘Buy-back’’ market-based proposals but can also
occur in some ‘‘offer’’ based proposals where the DSO auctions off
network capacity (Fuller et al., 2011; Verzijlbergh et al., 2014). There
are different formats by which the price in an auction can be set. The
most commonly used ones are:

• Pay-as-bid (Anaya and Pollitt, 2021; Ding et al., 2013; Radecke
et al., 2019; Esmat et al., 2018b; USEF Foundation, 2020; Valarezo
et al., 2021): market participants bid for flexibility requests from
the DSO. The DSO selects sufficient bids to remove the congestion
problem and pays each accepted bid exactly at its bid size. Note
that this may create an incentive to bid above marginal costs for
the flexibility provider, as long as they anticipate their bid is still
accepted (Kahn et al., 2001; Heinrich et al., 2021).

• Pay-as-cleared (Anaya and Pollitt, 2021; Valarezo et al., 2021):
Each market participant is paid the price of the marginal bid the
DSO accepted.

6 This is envisioned in a current proposal by the Bundesnetzagentur, the
erman regulator for the network. It foresees the installation of remotely
ontrollable load-limiting devices, through which the network operator can
urtail flexible loads to a maximum of 3.7 kW.

7 In the North American context, the network price is typically integrated
ith the energy price itself. Thus, these considerations apply similarly to the
omplete energy price, not just the network tariff.

https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
https://www.bundesnetzagentur.de/DE/Beschlusskammern/1_GZ/BK6-GZ/2022/BK6-22-300/Anlagen_Konsultation/BK6-22-300_Eckpunktepapier.pdf?__blob=publicationFile&v=1
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• Dutch reverse auction (Anaya and Pollitt, 2021): Market partic-
ipants do not submit bids in this type of auction. Instead, the
DSO starts with a small offer price for flexibility, which gradually
increases until market participants accept the bid.

• Vickrey–Clarke–Groves (VCG) auctions and modifications thereof
Heinrich et al. (2021): In VCG auctions, participants submit
sealed bids, meaning that the bids of other participants are not
known. The market is cleared to minimize costs for the DSO, and
each participant is reimbursed proportional to the benefit they
bring to the system (see Heinrich et al. 2021 for further details).

.5. Time frame

CM methods differ regarding the time frame for determining net-
ork prices and access conditions. The options are:

• Long-term: e.g., monthly, seasonal, or yearly.
• Day-ahead or near-term (several hours ahead).
• Near-real time.

An important aspect here is the timing of determining the network
ccess conditions relative to the wholesale energy market, especially
he day-ahead market. This issue is particularly relevant for aggregators
nd other energy service companies active in the wholesale market on
ehalf of their customers. It may be easier for them to optimize their
ortfolio by knowing the network access conditions before trading on
he wholesale market, as they can include the network constraints in
heir trading decisions. When network access conditions change after
hese entities have traded on the wholesale market, they may require
ntraday and balancing markets.

.6. Spatial variation

In addition to temporal variation, there can also be spatial variation
n network access conditions. The main advantage of using localized
M options is that network congestion can be targeted efficiently. On
he other hand, introducing changes based on location introduces some
egree of discrimination in network access (see Hennig et al. 2022a)
nd may adversely affect users in congested areas.

The spatial variation can also have varying degrees of granularity.
n analogy to the congestion problems themselves (Section 2), the main
ptions are:

• Whole network, transmission level
• Larger sub-zones of the network, e.g., behind the same HV/MV

transformer station
• Neighborhood level (several LV feeders)
• Single LV feeder level

.7. Further product specifications

There are many implementation details at a lower level of differen-
iation between different methods. We use the summary term ‘‘product
pecifications’’ for these.

Some of these specifications apply to all kinds of CM methods, while
thers are particular to the type of CM method. For the common ones,
e identified:

Commodity: Network access conditions can be specified in terms
f either the maximum capacity of network access in kW, energy
ransported through the network in kWh, or the cost of the connection
tself.8 In the case of capacity, there can be different bases for how it

8 The connection cost may vary by location to incentivize investments in
ess congested areas and recover costs for network upgrades in more congested
reas (Brandstätt et al., 2011). However, this is outside the scope of this
eview as we are concerned more with operational congestion management,
ot investments.
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is determined. It can be the measured peak power at a user connection
in a given billing period (Schittekatte et al., 2017; Ansarin et al.,
2020b), a contracted specific amount of network capacity (with a
penalty for exceeding this amount) (Bjarghov and Doorman, 2018;
Hennig et al., 2020), or the utilized capacity of a user at the times
of highest coincident network peaks (Passey et al., 2017). It is also
essential to define the time over which power usage is averaged to
determine network capacity usage, e.g., 5, 15, or 60 min. For example, a
kettle or a microwave may have a relatively high power consumption of
1 kW over 3 min. This results in a total energy usage of 0.05 kWh. Over
a 5 min interval, this would be an average power usage of 0.6 kW, over
60 min, it would only be an average use of 0.05 kW.

Tiered pricing: This method refers to a price variation per unit
of commodity based on quantity used, which can be implemented
for energy and capacity. E.g., the price per kWh may increase (or
decrease) when total yearly consumption exceeds 2000 kWh and then
again at 4000 kWh, and so on (Borenstein, 2016; Ansarin et al., 2020a).
Similarly, the cost per kW of network capacity access may increase at
2 kW, 4 kW and so on (DNV GL, 2020; Bjarghov et al., 2022).

Firmness: Connection agreements and flexibility products can be
firm or non-firm. Firm means a guaranteed fixed network capacity is
available for the end-user. In non-firm agreements, the network access
capacity is dynamically dependent on the network state and may be
reduced during network congestion. In this latter case, specifications
may also include the maximal allowable number and duration of load
reductions. Examples of non-firm products include option trades in
buy-back-based proposals (see, e.g., Esmat et al. 2018a, Ding et al.
2013) and activation of direct-control measures in Clean Energy Group
(2021).

In addition to these common ones, some specifications apply only
to certain classes of CM mechanisms. These are discussed in the next
section, where we review the different classes.

5. Review and classification of congestion management mecha-
nisms from the literature

In this section, we review CM proposals from the literature. We use a
classification based on two high-level design variables discussed in the
previous section to structure the review. Firstly, the load-controlling
party: DSO or aggregator/end-user (the interaction and contracts be-
tween aggregators and end-users are not considered here). Secondly,
the DSO position is ‘‘offer’’ or ‘‘buy-back’’ for schemes not based on DSO
control. Sorting CM mechanisms by these choices leads to 3 distinct
categories: Network access prices, Local Flexibility Markets (LFMs), and
Direct Load Control (DLC) schemes (Fig. 2).

This classification was chosen because these categories are also
commonly discussed in the literature as separate strands. A different
distinction would also be possible, e.g., by time frame or commodity.
However, different time frames and commodities are often discussed
together in the reviewed literature, while mechanisms from different
categories in the proposed classification are not. The following subsec-
tions discuss the lower-level design choices of different variations in
each category.

5.1. Network access price-based methods

This category includes all CM proposals based on charges for net-
work access by the DSO to users. There is no buy-back within these
mechanisms; by default, the DSO does not directly control user loads
(except for emergency curtailment). The main distinction within this
category is based on the time frame: network access prices fixed over
the long term are also called ‘‘static tariffs’’, while those not fixed are

called ‘‘dynamic tariffs’’.
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Fig. 2. Classification of mechanisms.
5.1.1. Static network tariffs
Standard tariffs are periodically recurring payments the network op-

erator charges for network use. Their primary purpose is cost-recovery
for network-related activities (CEER, 2020; Alba Rios and O’Brian,
2021; Hennig et al., 2022a). However, these tariffs can also perform
implicit congestion management. They are usually fixed over a billing
period. All of the commonly proposed variations have the following
additional design variables in common: they use regulated prices, apply
over a long-term time frame, provide firm access to the network (except
for emergency curtailment), and do not distinguish between flexible
and non-flexible loads. However, they can distinguish between load and
feed-in of distributed generation (Schittekatte et al., 2017).

Being static does not mean that the charges do not vary: in Time-
of-Use (ToU) tariffs, charges can vary according to a fixed schedule
by time of day or season. However, this time dependence is known in
advance and does not change over the billing period.

The primary distinguishing design variable for static tariffs is the
commodity on which the tariff is based (CEER, 2020; Hennig et al.,
2022a; Ansarin et al., 2020b; Reneses and Ortega, 2014):

• Energy for volumetric tariffs: a fee per kWh of energy delivered
through the network.

• Measured peak capacity: a fee per kW for personal peak usage.
• Contracted capacity for capacity subscription tariffs: the end-user

can choose different power levels (kW). Energy consumption up
to the selected level is free or at a low price, while consumption
above the chosen level is penalized (DNV GL, 2020; Tuunanen
et al., 2016; Hennig et al., 2020).

EUniversal (2020) and Morell et al. (2021) give an overview of the
current static tariffs in European countries.
6

5.1.2. Dynamic tariffs
Dynamic tariffs are network access prices adjusted dynamically

based on expected or observed network conditions. In contrast to static
tariffs, we find much more variation in other design variables.

Critical Peak Pricing (CPP) (CEER, 2020; Alba Rios and O’Brian,
2021; Fridgen et al., 2018): In CPP, Network prices are increased for
an expected significant peak in network load, e.g., on particularly hot,
cold, or sunny days. The network operator sends an advance notice a
few hours to a day before the price spike occurs. The price spike is
added to the default network tariff and applies to all loads equally.

Network Coincident Peak Charges (NCPC) (Passey et al., 2017;
Abdelmotteleb et al., 2018): In this approach, charges are based on the
network-coincident peak, not the personal peak of the end-user. Instead
of a single network peak, it might also consider multiple network peaks.
Furthermore, the network operator may send an advance notice before
expected peaks, making this approach similar to CPP.9

Distribution Locational Marginal Prices (DLMP) (MIT Energy
Initiative and IIT Comillas, 2016; Ansarin et al., 2020b; Tabors et al.,
2017): This approach is an extension of locational marginal pricing
(LMP) for wholesale power markets to the distribution level. LMP refers
to price differentiation of electricity at different high-voltage trans-
mission grid nodes. It has been applied in North American Regional

9 To list this as a dynamic tariff may seem strange: the network access
conditions and price per kW of peak contribution are actually fixed over the
long term, so this approach could also be seen as a static tariff. However,
the final payments under this scheme depend on when the highest network
peak(s) occurs, which is only truly known at the end of the billing period and
could theoretically change in real-time at any moment until then. Therefore,
we favor the categorization as dynamic.
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Table 1
Design space variables of dynamic access price variations.

Commodity Price formation Time-frame Loads applied to

CPP Energy Regulated Near-term All
NCPC Capacity Regulated Network peak All
DLMP Energy Regulated Day-ahead or Real-time Flexible or All
Capacity auction Capacity Auction, pay-as-cleared Day-ahead or Real-time Flexible
Transmission Operators (RTOs) grids.10 In North America, integrated
tilities deliver electricity by owning assets across the electricity sup-
ly chain: generation, transmission, and distribution. Thus, the LMP
efers to the complete delivery price of electricity, including genera-
ion, transmission, and distribution charges. In the European context,
LMP is sometimes meant to include only the locational network
osts (Abdelmotteleb et al., 2018), and sometimes the sum of locational
etwork costs plus the wholesale price of energy (Huang et al., 2015;
i et al., 2014; O’Connell et al., 2012). The term ‘‘dynamic network
ariff’’ sometimes refers to only the network-specific part, without the
holesale price component (O’Connell et al., 2012; Verzijlbergh et al.,
014).

DLMP can be set near real-time (MIT Energy Initiative and IIT
omillas, 2016; Ansarin et al., 2020b), a day ahead (Huang et al., 2015;
i et al., 2014; O’Connell et al., 2012; Verzijlbergh et al., 2014), or at
ntermediate steps, e.g. a few hours ahead (MIT Energy Initiative and
IT Comillas, 2016). As can be seen from the cited publications, near
eal-time DLMPs are more commonly discussed in the North American
ontext with integrated utilities. There, they apply to all loads equally
nd include the energy cost. The day-ahead proposals typically apply to
he context of unbundled electricity systems with wholesale day-ahead
arkets. Here, they replace only the network tariff component and
resumably only apply to flexible loads, which can be inferred from the
echanism in these publications, where the day-ahead network prices

re agreed between network operators and aggregators.
Capacity or ‘‘Double’’ Auctions (Fuller et al., 2011; Kok and

idergren, 2016): In this approach, end-users or aggregators of flexible
oads submit a bid curve with their willingness to pay for energy. The
etwork operator can aggregate all these bid curves and clear them on
he wholesale market, considering the network limits.

If the network limit is not binding, all bids are accepted, and the
oads pay the market price plus a standard fee for network access.
n case the limit is binding, all loads up to the free capacity in the
etwork are accepted based on their bids, and they pay the price at
hich this market is cleared (pay-as-cleared), which is then higher than

he wholesale price. The network operator collects the price difference
s a congestion income.

The network capacity auction can be held a day ahead (Verzijlbergh
t al., 2014; Huang et al., 2015) or near real-time. Network capacity
uctions integrated with a wholesale energy market in real-time are
lso known as ‘‘transactive energy’’ approaches (Kok and Widergren,
016; Abrishambaf et al., 2019). Typically, capacity auctions replace
he default network tariff and apply only to flexible loads.

An overview of the different variations and their design variables is
iven in Table 1. Note that all the proposals described above offer firm
etwork access.

.2. Local flexibility markets for CM

This category includes all CM proposals based on the DSO’s buy-
ack of network access and end-user load control. Most CM proposals
n this category also use auction-based pricing, which justifies the term
‘market’’. However, the literature also has some ambiguity around the
erm ‘‘flexibility market’’. For example, Radecke et al. (2019) review
2 current European proposals. They observe that not every project

10 See, e.g., PJM locational marginal pricing fact sheet.
7

called a ‘‘flexibility market’’ is a market in the traditional sense where
prices are determined based on free bids of participants. Instead, some
of the projects they investigated use regulated prices. Furthermore,
local CM for the distribution grid is not always the only purpose of
schemes labeled ‘‘Local Flexibility Market’’ (LFM) or similar. Ramos
et al. (2016) state that an LFM’s purpose can be to help resolve localized
network constraints and help with non-localized problems such as
system balancing or portfolio optimization.

Nevertheless, even though the purpose of the trade and the details
of the implementation can vary widely, the basic idea of the ‘‘flexibility
market’’ concept is mostly the same: providers of flexibility in the
distribution grid (e.g., aggregators of flexible residential loads) are
paid to change their power profile. We found several additional design
variables specific to this category:

• The choice of reference load relative to which the load profile
change is realized. Choices are a baseline (agreed upon by both
parties), the current consumption of the trading party (individual
end-user or sum of connections managed by an aggregator),
and a capacity limit to power usage in kW (see Heinrich et al.
2021, Ding et al. 2013). The power limit may be either fixed
contractually or variable, depending on the state of the network.

• Minimum bid size in kW or kWh of flexible load over particular
time intervals.

• Matching mechanism of requests and bids for flexibility (see,
e.g., Radecke et al. 2019).

• Penalties: Since these proposals are based on end-user control,
whether the contracted load reduction occurred should be ver-
ified. If the reduction did not occur, there may be penalties
specified in the contractual agreements.

• Activation fees: (only for option trades) There may be an addi-
tional fee for activating an option.

• Activation lead time for option trades: the interval between the
announcement of activation of an option and its activation. For
example, the DSO may predict congestion in a specific time
interval of the next day and inform the flexibility provider who
sold the option that it will be activated at this time. Lead times
would generally be one day but could also be a few hours or min-
utes ahead. The possible values must be defined in the contract
agreement between the parties (Ding et al., 2013).

Additional design questions around the implementation and specifics of
these markets are investigated in the reviews (Jin et al., 2020; Radecke
et al., 2019; Ramos et al., 2016; Schittekatte and Meeus, 2020; Villar
et al., 2018; Valarezo et al., 2021; Anaya and Pollitt, 2021; Dronne
et al., 2020).

As we can see, many different kinds of proposals for flexibility
markets exist in the literature. Most of them have in common that they
are based on auction-based price formation, capacity-based commodity
(typically as deviation from baseline or current consumption or maxi-
mum network capacity) and that they operate in addition to the default
network tariff. The most important distinguishing features are reference
load, firmness, and trade time frame.

The terminology in the literature can sometimes be confusing:
different names are applied to seemingly similar concepts in various
proposals and vice versa. In the following, we attempt to give a stan-
dardized list of the types of proposed LFM products based on their

design variables (see Table 2):
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Table 2
Design space variables of LFM products.

Firmness of network access Reference load Time-frame

Flexibility to current cons. Firm Current Near-real-time
Flexibility to baseline Firm Baseline Near-term
Flexibility options Non-firm Current, baseline,

capacity limitation
Long-term to near-term.

Long term capacity limitation Firm Capacity limitation Long-term
• Real-time flexibility, Flexibility to current consumption (Esmat
et al., 2018a), or ‘‘PowerCut Urgent’’ in Ding et al. (2013):
reduction of power consumption below current consumption in
near-real-time. This approach is typically only a last resort for un-
expected congestion problems, as it creates unexpected portfolio
imbalances for flexibility providers and would, therefore, likely
be an expensive option.

• Flexibility-to-baseline (Esmat et al., 2018a) or ‘‘drop-by’’ in de
Heer et al. (2021): Flexibility providers submit a baseline sched-
ule. The DSO gathers these baselines and makes its forecasts
to determine whether congestion will happen. When the DSO
anticipates congestion, it contracts power reductions relative to
the submitted baselines. As this might lead to a re-appearance
of congestion at a different time step, some proposals require
additionally the specification of a ‘‘pay-back’’ period during which
the reduced power consumption is caught up on (Esmat et al.,
2018a), or an iteration of adjusted schedules and additional trades
until all expected congestion problems are resolved.11 Because the
baseline needs to reflect the actual anticipated power profile of
the provider, this variant can only work in the near term, e.g., a
day ahead.

• Flexibility option contracts: a contracted power reduction that
may be activated during network stress, i.e., the network access is
non-firm. There may be an additional activation fee and a penalty
for inability to deliver. The contract specifies the time frame
and reference load. The time frame can be day-ahead (Esmat
et al., 2018a), long-term for a fixed recurring time interval with
expected high loads,12 or a long-term reserve with no specific time
(‘‘PowerReserve’’ in Ding et al. 2013). The reference load can be
relative to current consumption at the time of activation (Ding
et al., 2013), relative to baseline (Esmat et al., 2018a), fixed
capacity limitation (Heinrich et al., 2021) (‘‘PowerMax’’ in Ding
et al. 2013, ‘‘drop-to’’ services in de Heer et al. 2021), or variable
capacity limitation (‘‘PowerCap’’ in Ding et al. (2013)).13

• Long-term capacity limitation: a flexibility provider agrees to
always stay below a specific contracted network capacity (at
all times or within specified times). The Dutch regulator has
identified this as one of two market-based flexibility procurement
options in the Netherlands.14

11 The Dutch GOPACS platform addresses this issue by matching only orders
n existing electricity market platforms if they help resolve a local congestion
roblem.
12 For example, between 16:30 and 18:30 on weekdays in a given year, as

n the Piclo-Flex platform in the UK (Johnston and Sioshansi, 2020) or the
‘PowerCut Planned’’ product in Ding et al. (2013).

13 This proposal’s capacity limitation is based on the available capacity at the
ongestion point. There is real-time feedback between load at the congested
sset and capacity limits for flexibility providers, offering a higher degree of
ontrol for the DSO. This product is functionally almost equivalent to the direct
oad control mechanisms introduced in Section 5.3. The main difference is
hat the DSO buys the product on the market, whereas the DSO offers it for
egulated prices in the proposals in Section 5.3.
14 Alongside redispatch, see https://www.acm.nl/nl/publicaties/
odebesluit-congestiemanagement (in Dutch).
8

Moreover, the auction format plays a vital role in flexibility markets
and can have a strong influence on how efficient the resulting mecha-
nism is. The above product types can be sold with the auction formats
listed in Section 4.

5.3. Control-based mechanisms

Direct-load-control (DLC) approaches are those where the DSO can
directly control the power consumption of high-power end-user de-
vices, like EVs, or of the maximal power capacity of the connection in
times of network congestion. Thus, by definition, these approaches pro-
vide non-firm network access. In addition to loads, these mechanisms
can also be applied to distributed generation. In addition, their common
design variables are typically regulated prices, long-term contracts, and
a commodity framed in terms of connection capacity.

Perhaps the most important distinguishing feature is the type of
devices to which the scheme is applied. Clean Energy Group (2021)
discusses the ‘‘Connected Solutions’’ program in the US, where end-
users can enroll their flexible devices and batteries. For a regulated
fee, typically a few hundred USD per kW of device capacity, the
utility purchases the ability to control these devices directly. As this
is in the context of an integrated utility, this ability can help manage
network bottlenecks and generation shortages. In the context of unbun-
dled electricity systems, Bundesnetzagentur (2017) also discusses how
grid operators may take over a limited control over flexible devices
in exchange for reduced grid tariffs but mentions the lack of clear
regulations and control technology as obstacles.

There are proposals for a limited grid connection of larger users,
where the network operator has the right to curtail or reduce the
connection capacity in exchange for a lower grid fee.15 Bjarghov et al.
(2022) discuss a new tariff proposal that would apply to all loads:
dynamic capacity subscriptions. These are a variation of the static
subscription concept introduced in Section 5.1.1: here, there is no
penalty for exceeding the capacity limit in times with no network stress,
but when there is congestion, the grid operator can curtail the load at
the connection down to the subscribed amount to resolve congestion.
Control-based mechanisms have also been applied to distributed gener-
ation (Anaya and Pollitt, 2017; Dronne et al., 2020; EUniversal, 2020)

These mechanisms can also vary in whether they are applied based
on user consent or by default. EUniversal (2020) gives an overview
of use cases, design choices, and the status of current direct control
agreements in European countries.

6. Discussion

This section addresses the following questions: How are the differ-
ent CM mechanisms (Section 5) performing concerning the objectives
(Section 3) for the different congestion problem types (Section 2)? What

15 For example, the Dutch regulator has recently introduced two such
agreements: capacity limitation contracts (‘‘Capaciteitsbeperkingscontract) for
existing users who opt into a capacity reduction service in exchange
for payments, and non-firm connection agreements (‘‘flexibele aansluit-en
transportovereenkomst’’) where mandatory capacity reductions are part of
the connection agreement, in exchange for lower fees and sometimes a

prioritization of the connection procedure.

https://en.gopacs.eu/faq-frequently-asked-questions/
https://www.acm.nl/nl/publicaties/codebesluit-congestiemanagement
https://www.acm.nl/nl/publicaties/codebesluit-congestiemanagement
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf
https://www.acm.nl/system/files/documents/q-en-a-over-congestiemanagement-en-capaciteitsbeperkingsconctract.pdf


Utilities Policy 85 (2023) 101660R.J. Hennig et al.

t
a

Table 3
Summary of performance of CM approaches.

Suited for Not suited for Pros Cons

Static tariffs Rough signals for structural
congestion

Sporadic congestion Simple, not discriminating Not adaptable to sporadic congestion

Dynamic tariffs All types of congestion
problems

Risk-averse or inflexible consumers Adaptable, no price risk for DSO Price discrimination, user price risk

Local flexibility markets Large scale aggregation Small scale Theoretically efficient, use of
flexibility for other purposes

Gaming of markets, price risk for
DSO

Direct load control All types of congestion
problems

Must-run or tight constraint loads High reliability and decent efficiency QoS discrimination, curtailment risk
risks may occur? How do the design variables (Section 4) influence
performance and risks?

Table 3 gives a summary of our findings. We first introduce the
possible risks of CM approaches in Section 6.1 and discuss the influence
of design choices on performance in Section 6.2. Finally, we give a
detailed qualitative assessment of all the listed CM approaches in the
remainder of this section.

6.1. Types and allocation of risks

Every CM approach comes with different kinds of risks that can
jeopardize the fulfillment of the objectives:

• Residual risk of network overload: There is the potential that
the mechanism does not entirely remove congestion. Static tariffs
may be the most likely for this, as they are not adaptable to net-
work conditions. However, it can also occur in other mechanisms:
the inflexible load may have been underestimated in day-ahead
tariffs, and the tariff set too low. In LFMs, the DSO may not have
purchased sufficient flexibility. In DLC methods, there may not be
enough load signed up for the load control scheme. Generally, this
risk can be reduced as the mechanism moves closer to real-time,
making it more adaptable to network conditions. In DLC methods,
this risk is also reduced by requiring all high-power flexible loads
to sign up by default rather than by consent. In practice, there is
always the fallback option of indiscriminate curtailment to avoid
overloads leading to damage or safety concerns.

• User network price risk: In CM approaches where the price of
network usage is not fixed in advance (i.e., dynamic tariffs),
network users have a risk associated with this variability. They
may be committed to using the network at this time, e.g., due
to external constraints such as industrial schedules, heating, or
EV charging requirements, or they may have purchased power
on electricity wholesale markets for which they would have to
pay additional imbalance fees. The risk is higher the closer the
mechanism operates to real-time, as this reduces the chance to
plan for alternatives.

• Network operator price risk: In analogy to network user price risk,
there are approaches where the network operator carries the price
risk. This situation applies to market-based methods where the
DSO must buy back network access from users at prices based
on user bids. Again, the price risk increases closer to real-time
operation, and can also be exacerbated by market failures (Hennig
et al., 2022b).

• User curtailment risk: The end-user or aggregator risks being
curtailed, which may be due to a feature of the mechanism, as in
DLC, or as an emergency in case other CM mechanisms fail. The
advantage of the targeted curtailment in DLC approaches is that
it can specifically select high-power flexible loads. In contrast,
indiscriminate curtailment typically comes with a high customer
interruption cost, often represented by an assumed Value of Lost
Load.

We visualize the risk allocation of different CM approaches quali-
atively in Fig. 3. In addition to the pure risk cases already discussed
9

bove, there are also possible mechanisms that can share risks: LFM
option types, for example, come with a price risk for the DSO (like
other market types) and a curtailment risk for the aggregator in case the
option is activated. In this case, network overload is also a residual risk
if the network operator does not procure sufficient options or limitation
services.

In current practice, there is usually a combination of several mech-
anisms operating on different time horizons. E.g., LFMs are typically
applied in addition to static tariffs. Emergency curtailment can always
supplement static tariffs if nothing else is done for CM. Haque et al.
(2019) investigate a combining market-based mechanism and ‘‘graceful
degradation’’ based on direct control methods. A novel mechanism
could also combine near-term dynamic prices with a real-time LFM for
emergency buy-back in case the DSO anticipated congestion wrongly.
This approach would resemble an ‘‘airline’’ model of slightly overbook-
ing flights.16 This mechanism leads to sharing the network price risk
between the end-user and DSO. However, there are also combinations
of mechanisms that might not work well—for example, operating an
LFM simultaneously as dynamic tariffs would introduce unnecessary
complexity (CEER, 2020).

Fig. 3 can also identify novel CM mechanisms in the ‘‘risk space’’
by identifying a desired risk allocation and constructing a mechanism
that leads to this allocation. For example, for a mechanism with both
a moderate price risk and curtailment risk for the end-user, this could
be in the form of near-term LMP/NCAs for non-firm network access.
The DSO may sell near-term network access based on a relatively loose
estimate of load. In case congestion does occur, some of the load that
purchased non-firm access will be curtailed, and the network price will
be returned to them. We have added this option in Fig. 3 in the lower
left.

6.2. The influence of design choices

The design variables of congestion management mechanisms impact
their performance. We visualize this relation in Fig. 4 and give a few
concrete examples in the following:

• The choice of load-controlling party influences who carries the
‘‘volume’’ risk associated with energy delivery: if the DSO controls
loads, the end-user or aggregator has a risk of curtailment. If
the end-user or aggregator controls loads, the DSO has a risk of
network overload, meaning the mechanism may be less reliable.

• DSO position influences who shoulders price risk: in access price-
based methods, the end-user may have a price risk; in buy-back-
based methods, the DSO has it. Furthermore, buy-back-based
approaches are susceptible to misrepresentation of information
by private actors: they give an incentive to inflate baselines,
maximal capacity or current consumption (based on the specific
mechanism), and to employ strategic bidding, which leads to a
decrease in efficiency.

16 This is typically done because some passengers are expected to miss their
flight. If there are still too many passengers for the flight (the equivalent of
‘‘congestion’’ in that problem), airlines often auction off the overfilled seats by
offering money in increasing steps until the congestion has been removed.
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Fig. 3. Risk mapping of CM mechanisms.
Fig. 4. Design choices influence performance and risks.
• Price formation influences the degree of price risk: with regu-
lated prices, there is no (network) price risk; with auction-based
methods, there are varying degrees of risk, depending on the time
frame and competitiveness of the market. Auction-based methods
may increase efficiency in well-functioning competitive markets
or decrease it in case of market failures. Further, they have a
higher degree of complexity.

• Varying the time frame from static through near-term to real-time
has multiple consequences: price risk increases, reliability in-
creases, complexity increases, the usability of flexibility for other
purposes decreases, and efficiency generally increases, though
it may be compromised in near real-time as this only allows a
shifting of loads to later times, not earlier ones.
10
• Spatial variation: Each of the CM mechanisms listed could be
applied at different spatial granularity, tailored to the congestion
situation in the network. Higher granularity could increase the
reliability and overall efficiency of the mechanism (as MIT Energy
Initiative and IIT Comillas, 2016 shows for LMP), as congestion
areas can be targeted deliberately. However, it comes at the
cost of introducing discrimination: users in congested areas pay
more than those in non-congested areas.17 This result may be

17 This is different with flexibility markets, where users in congested areas
may even benefit more from congestion by charging inflated prices.
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considered unfair, as it depends on the state of the network, on
which users have no influence.18

6.3. Static tariffs

Static tariffs give rough incentives to reduce congestion but are not
adaptable to network conditions. Thus, there is no guarantee that they
will resolve it entirely. For example, the peak times in ToU tariffs can be
tailored to expected structural congestion times but are not adaptable
to deal with sporadic congestion. Capacity-based tariffs give further
incentives to limit peaks, which can also be differentiated by time.
However, a static price signal sometimes disincentivizes network access
when there is spare capacity, limiting efficiency as the network is not
used to the extent that would be economically desirable. The positive
aspects are that static tariffs are simple and not discriminatory.

Note that we only considered the performance of tariffs concerning
congestion management here. As this is not the primary purpose of
network tariffs, other considerations are relevant when evaluating their
performance (Reneses and Ortega, 2014; Hennig et al., 2022a).

6.4. Dynamic tariffs

The peak-based approaches CPP and NCPC can increase reliability,
especially for expected structural peak events, e.g., during heat waves
or cold spells (CEER, 2020). As they specifically target these times and
do not needlessly restrict network access at other times, this would also
increase efficiency. On the other hand, since they typically apply to all
loads equally, they may not be a good solution for situations with many
sporadic congestion events driven by flexible loads.

More dynamic proposals like DLMP and NCA can react better to
network conditions and thus may potentially improve reliability and
efficiency even further. On the other hand, they come with their
own set of problems. Firstly, their effectiveness increases with spatial
granularity (MIT Energy Initiative and IIT Comillas, 2016), allowing
them to be tailored more to the specific congestion problem. However,
this also introduces price discrimination. It could be interesting to
investigate tariffs with the same price on average but higher varia-
tions in congested areas to yield a stronger control signal. Secondly,
they require sophisticated communication interfaces to transmit the
price signal, which means they have a higher implementation burden.
Thirdly, vulnerable consumers may be unable to react to them and be
hit with unexpectedly high charges.19

Network Capacity Auctions can resolve the network price-risk prob-
lem by simultaneously clearing the energy market, as in the transactive
energy proposal by Kok and Widergren (2016). Theoretically, this
setup may have the potential for the highest reliability and efficiency.
However, this comes at a high system implementation burden where
every device must communicate its bid function continually.

An alternative could be a dynamic tariff where it is not the price
that varies in response to network conditions but the available network
capacity of users, i.e., a tariff with non-firm access conditions. This
approach would remove the price discrimination problem for network
access and protect vulnerable customers against price spikes. We will
investigate this type of tariff in more depth in future work.

An additional important consideration with dynamic prices is what
happens with the generated revenue. As their prime purpose is not cost
recovery but congestion avoidance, they might not be counted towards
the normal operating income of the DSO. Otherwise, this may create a
perverse incentive for the DSO not to upgrade the network to collect
more congestion rent. Therefore, these revenues should be collected as
a separate budget item and could, e.g., be used for network upgrades.

18 See also Hennig et al. (2022a), National Grid ESO (2022) for similar
iscussions on network tariffs and nodal pricing respectively.
19 This problem was demonstrated in Texas, where marginal pricing is
lready applied to many households. When, in February 2021, a major winter
torm caused very high electricity prices, some consumers faced extremely
11

igh bills as they were unaware of the costs (Gruber et al., 2022).
6.5. Local flexibility markets

LFMs for CM have been proposed to deal with structural conges-
tion problems in extended period option markets (Ding et al., 2013;
Johnston and Sioshansi, 2020) and sporadic congestion events (Ding
et al., 2013; Esmat et al., 2018a). Theoretically, the advantage of a
market is that it could remove congestion in an economically efficient
way by paying flexibility providers at their marginal cost of shifting
loads. This approach would also remove the price discrimination in
dynamic price schemes. However, the theoretical optimum could only
be reached if flexibility providers submit truthful information about
their available flexibility and costs. Unfortunately, the basic premise
of these kinds of markets, paying providers for adjustment of their
energy consumption, is prone to manipulation by withholding private
information and misrepresenting costs and flexibility (Crampes and
Léautier, 2015). This situation might even lead to a form of ‘‘reverse’’
price discrimination: flexibility providers in congested areas may be
able to collect greater rents on congestion by behaving strategically.
Furthermore, this discrimination is also socially regressive in terms of
wealth. As Ribó-Pérez et al. (2021) showed, the wealthier members of
the population can invest in flexible devices and obtain rents from these
kinds of markets. In the following, we discuss a few potential problems
that can occur.

The auction format and strategic bidding. As mentioned before,
the choice of auction format significantly impacts the outcomes: In a
pay-as-bid market, congestion could theoretically be removed at the
lowest cost if all participants bid truthfully. However, there are well-
known problems in pay-as-bid markets (Kahn et al., 2001; Heinrich
et al., 2021; Anaya and Pollitt, 2021), as it incentivizes participants
to bid higher than their actual costs.

In uniform (pay-as-cleared) price markets, flexibility is traded at the
marginal supplier’s price. All bidders below this price collect additional
rents equal to the difference between their bids and the clearing price,
meaning congestion is no longer removed at the lowest possible cost for
the DSO. The incentives to over-represent costs are not as strong as in
pay-as-bid because bids above the clearing price would not be accepted.
In contrast, below the clearing price, it does not matter whether the
provider bids at its marginal cost or not, as it will always be accepted.
However, flexibility providers that control many flexible loads may be
able to manipulate the clearing price by bidding their whole fleet above
marginal costs. In highly localized markets, an aggregator might easily
acquire market power at a single LV feeder by controlling only a few
dozen EVs. A further illustration of this problem can be found in Hennig
et al. (2022b).

Heinrich et al. (2021) propose a modified VCG auction as an al-
ternative that pays each flexibility provider according to the benefit
they bring to the system. However, this would still be more than the
marginal cost of shifting loads, which implies that flexibility providers
still collect rents on congestion. Additionally, it is still possible for
individual actors or cartels of actors with a large share of flexible loads
to inflate the price artificially.

Strategic bidding may be mitigated by having a large pool of poten-
tial providers, so acquiring market power becomes more difficult. Thus,
LFMs might be a better solution for larger-scale congestion problems,
such as MV substations, rather than individual LV feeders.

Manipulation of baselines and real-time consumption. In addi-
tion to the problem of strategically bidding above marginal costs, there
is another problem in LFMs: the strategic adjustment of consumption,
either in supposed baselines or in real-time, to collect higher rents
from LFM payments. These strategic adjustments typically even worsen
the original congestion problem. For profit-maximizing actors in the
market, it is rational to adjust their consumption so that they consume
more when there is a congestion problem. In this way, they also get
paid more.

Ziras et al. (2021) have comprehensively discussed this problem

concerning baselines and showed that it exists irrespective of the
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method used to construct baselines. A possible exception to this is large
industrial consumers where the baselines pertain to specific processes
and can be easily verified.

In real-time LFMs, a similar problem exists when market partic-
ipants realize that there is a congestion problem and that they can
benefit from artificially increasing their load to be paid to reduce
it.20 This problem is similar to the problem of ‘‘inc/dec’’ gaming in
redispatch markets identified by Hirth et al. (2019).

In capacity-limitation LFMs like (Heinrich et al., 2021), the pay-
ments increase in line with the maximum potential power consumption
of flexible loads, as the limitations have to be computed relative
to this theoretical maximum power consumption. Thus, this practice
incentivizes them to over-represent this number, akin to the issue of
inflated baselines.

There are also specific problems in option-type LFMs. Proposals
based on long-term contracts for load reductions at particular times
can lead to a commitment problem: the provider is committed to being
able to supply the load reduction given in the agreement. Thus, it has
to schedule loads at these times. Otherwise, it would not be able to
fulfill the contract, even when it would be disadvantageous to do this
based on wholesale prices and network conditions, as otherwise, the
aggregator would be faced with a penalty. Eliminating the penalty is
also not an option, as it would allow the aggregator to sell an indefinite
amount of products it does not have to supply.

Feasibility. Setting up an LFM requires sophisticated communica-
tion and control infrastructure, which might be why there are only
small pilots and demonstration projects (Jin et al., 2020). As Dronne
et al. (2020) observe, the size and capabilities of DSOs can differ
widely, and for smaller DSOs, setting up the required technology can
pose a significant resource challenge. Even for larger DSOs, it is ques-
tionable whether setting up an LFM for every potentially congested
LV feeder is possible, further suggesting that LFMs might be more
applicable to larger-scale congestion problems, not to highly localized
congestion.

Use of flexibility for other purposes. Perhaps the most significant
dvantage of LFMs is that they are not limited to resolving congestion
roblems; flexibility may also be offered for other purposes. Coninx
t al. (2018) investigate a setup where it is offered to multiple po-
ential buyers: DSOs, TSOs, and BRPs. Ramos et al. (2016) discuss
ow flexibility products could be traded on a larger, location-agnostic
arket and localized sub-markets. They stress that for flexible products

ffered on the larger market, it is essential that they do not violate any
ocalized constraints. Hence, the market mechanism needs to take this
nto account. An example is the Dutch platform GOPACS,21 where the
FM operates in addition to the existing intraday market with a location
ag.

.6. Direct load control

DLC schemes tend to have high reliability, as the DSO controls the
oad and can steer as many devices as necessary to resolve congestion.
his observation holds for both small and large-scale problems and
tructural and sporadic congestion. A potential reliability problem may
ccur in consent-based schemes when not enough loads have signed
p for the program. Default sign-up-based schemes are more reliable
s they give greater control to the DSO but may also be seen as
nfavorable and heavy-handed by consumers.

20 A particularly striking real-world example has been given by the case of a
aseball stadium in Baltimore and a demand response program by the regional
rid operator PJM: When PJM sent out a declaration of an emergency event
s part of the demand response program, the baseball stadium switched on

the stadium lights, even though there were no games or practice scheduled,
to collect payment for reducing the demand by switching off the lights again.

21
12

GOPACS
Since prices for the scheme are set by the DSO long-term, they may
not remove congestion strictly at the marginal cost of shifting flexible
loads. On the other hand, they are also not likely to considerably over-
pay flexibility providers, as may happen in LFMs that are susceptible
to strategic behavior by flexibility providers. Moreover, the DSO can
adjust prices over several billing periods to move closer to an efficient
solution.

Discrimination comes in the form of Quality-of-Service: A flexible
provider in a congested area would be curtailed more often than a
provider in an area with little congestion. Potential remedies to this
could be to adjust prices based on the anticipated number of congestion
events, to give ex-post rebates based on the number of events, or to
set fixed acceptable limits on the maximal number and duration of
curtailments, as done in Clean Energy Group (2021). This solution
might be fairer than dynamic prices because, with those, users with
lower willingness-to-pay would be priced out, while others would be
charged high prices.

Regarding feasibility, DLC schemes are relatively straightforward:
they only require the installation of a load-limiting device that the DSO
can control. It may also require the installation of a separate meter for
flexible loads. Considering the slow roll-out of smart meters in many
European countries, this could still be seen as a significant obstacle.
However, it would only affect consumers who own EVs, electric heat
pumps, or PV cells, so the required installations could be part of the
permitting process for these devices.

One potential problem in these schemes is the interference of the
load control mechanism with the portfolio of Balance Responsible Par-
ties (BRPs) in unbundled electricity systems. If the congestion removal
requires a significant amount of curtailment of flexible devices, it may
create a problem for the energy provider of these devices in fulfilling
their energy program. This challenge may explain why these schemes
seem to have only been applied by North American utilities that are
vertically integrated and control both energy supply and distribution.
In the European context with unbundled energy systems, it is necessary
to have close coordination between the operation of the CM mechanism
and the energy provider.

7. Conclusion

Electric distribution networks have various congestion problems
and potential mechanisms to resolve them. The main categories of
CM mechanisms are static and dynamic access prices, Local Flexibility
Markets, and direct control methods. Some of these mechanisms are
variations of network tariffs, while others are specialized mechanisms
on top of a default tariff.

The design choices of these mechanisms influence their performance
and risks. For example, market participants’ potential for undesirable
strategic behavior should be carefully considered. It may turn out that
this may point towards abandoning market-based approaches in favor
of methods with lower price risk for the DSO. In general, mechanisms
should be fitted to the problem they are intended to solve by carefully
considering all possible design choices.

Academic studies and proposals of new CM solutions should in-
clude a precise problem analysis as a starting point. What kind of
congestion are they attempting to solve regarding localization, timing,
predictability, and network limitation? There is no one-size-fits-all, so
it is essential to know the specifics of the problem to judge the merits
of the proposed solution.

Network operators should collect data on existing and anticipated
congestion problems: at what local scale do they appear? Is the timing
at regular hours, or does it fluctuate due to external factors like weather
and wholesale prices? Are they related to thermal overloading or power
quality due to load or feed-in? This information and a clear regulatory

framework could help significantly to find applicable solutions.

https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://cms.ferc.gov/sites/default/files/enforcement/civil-penalties/actions/143FERC61218.pdf
https://en.gopacs.eu/


Utilities Policy 85 (2023) 101660R.J. Hennig et al.
Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

This work is part of the research program STEP-UP, which is partly
financed by the Dutch Research Council (NWO) with project number
438-18-404. SHT was supported by the ROBUST project, which re-
ceived funding from the MOOI subsidy program of the Netherlands
Ministry of Economic Affairs and Climate Policy and the Ministry of the
Interior and Kingdom Relations, executed by the Netherlands Enterprise
Agency.

References

Abdelmotteleb, I., Gómez, T., Chaves Ávila, J.P., Reneses, J., 2018. Designing efficient
distribution network charges in the context of active customers. Appl. Energy 210,
815–826. http://dx.doi.org/10.1016/j.apenergy.2017.08.103.

Abrishambaf, O., Lezama, F., Faria, P., Vale, Z., 2019. Towards transactive energy
systems: An analysis on current trends. Energy Strategy Rev. 26, 100418. http:
//dx.doi.org/10.1016/J.ESR.2019.100418.

Alba Rios, J.J., O’Brian, C., 2021. The Missing Piece Powering the Energy
Transition with Efficient Network Tariffs Powering the Energy Transition
Through Efficient Network Tariffs. Technical Report, EURELECTRIC, URL:
https://cdn.eurelectric.org/media/5499/powering_the_energy_transition_through_
efficient_network_tariffs_-_final-2021-030-0497-01-e-h-2ECE5E5F.pdf.

Anaya, K.L., Pollitt, M.G., 2015. Options for allocating and releasing distribution system
capacity: Deciding between interruptible connections and firm DG connections.
http://dx.doi.org/10.1016/j.apenergy.2015.01.043.

Anaya, K.L., Pollitt, M.G., 2017. Going smarter in the connection of distributed
generation. http://dx.doi.org/10.1016/j.enpol.2017.01.036.

Anaya, K.L., Pollitt, M.G., 2021. How to procure flexibility services within
the electricity distribution system: Lessons from an international review
of innovation projects. Energies 14 (15), 4475. http://dx.doi.org/10.3390/
EN14154475, URL: https://www.mdpi.com/1996-1073/14/15/4475/htm, https://
www.mdpi.com/1996-1073/14/15/4475.

Ansarin, M., Ghiassi-Farrokhfal, Y., Ketter, W., Collins, J., 2020a. Cross-subsidies among
residential electricity prosumers from tariff design and metering infrastructure.
Energy Policy 145, 111736. http://dx.doi.org/10.1016/j.enpol.2020.111736.

Ansarin, M., Ghiassi-farrokhfal, Y., Ketter, W., Collins, J., 2020b. The economic
consequences of electricity tari ff design in a renewable energy. Appl. Energy 275
(February), 115317. http://dx.doi.org/10.1016/j.apenergy.2020.115317.

Bjarghov, S., Doorman, G., 2018. Utilizing end-user flexibility for demand management
under capacity subscription tariffs. In: International Conference on the European
Energy Market, Vol. 2018-June. EEM, IEEE Computer Society, http://dx.doi.org/
10.1109/EEM.2018.8469832.

Bjarghov, S., Farahmand, H., Doorman, G., 2022. Capacity subscription grid tariff
efficiency and the impact of uncertainty on the subscribed level. Energy Pol-
icy 165, 112972. http://dx.doi.org/10.1016/J.ENPOL.2022.112972, URL: https:
//linkinghub.elsevier.com/retrieve/pii/S0301421522001975.

Borenstein, S., 2016. The economics of fixed cost recovery by utilities. Electr. J. 29
(7), 5–12. http://dx.doi.org/10.1016/j.tej.2016.07.013.

Brandstätt, C., Brunekreeft, G., Friedrichsen, N., 2011. Locational signals to reduce
network investments in smart distribution grids: What works and what not? Util.
Policy 19 (4), 244–254. http://dx.doi.org/10.1016/J.JUP.2011.07.001.

Bundesnetzagentur, 2017. Flexibility in the electricity system. April, URL: https:
//www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_
Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html.

CEER, 2020. CEER paper on electricity distribution tariffs supporting the energy
transition distribution systems working group. April, URL: https://www.ceer.eu/
documents/104400/-/-/fd5890e1-894e-0a7a-21d9-fa22b6ec9da0.

Clean Energy Group, 2021. ConnectedSolutions a program assessment for
massachusetts. URL: https://www.cesa.org/resource-library/resource/
connectedsolutions-an-assessment-for-massachusetts/.

Coninx, K., Deconinck, G., Holvoet, T., 2018. Who gets my flex? An evolutionary
game theory analysis of flexibility market dynamics. Appl. Energy 218, 104–113.
http://dx.doi.org/10.1016/J.APENERGY.2018.02.098.
13
Council of European Energy Regulators (CEER), 2020. CEER paper on DSO procedures
of procurement of flexibility. July, URL: https://www.ceer.eu/documents/104400/-
/-/e436ca7f-a0df-addb-c1de-5a3a5e4fc22b.

Crampes, C., Léautier, T.-O., 2015. Demand response in adjustment markets for
electricity. J. Regul. Econ. 48, 169–193. http://dx.doi.org/10.1007/s11149-015-
9284-0.

de Heer, H., van der Laan, M., Armenteros, A.S., 2021. USEF: The Framework
Explained. Technical Report, USED, URL: https://www.usef.energy/app/uploads/
2021/05/USEF-The-Framework-Explained-update-2021.pdf.

Ding, Y., Hansen, L.H., Cajar, P.D., Brath, P., Bindner, H.W., Zhang, C., Nordentoft, N.C.,
2013. Development of a Dso-Market on Flexibility Services. Technical Report, DTU
Library, URL: https://backend.orbit.dtu.dk/ws/portalfiles/portal/176493622/WP_3_
8_report.pdf.

DNV GL, 2020. Effective and cost reflective distribution tariffs.
Dronne, T., Roques, F., Saguan, M., 2020. Local Flexibility Markets for Distribu-

tion Network Congestion-Management: Which Design for Which Needs?. CEEM,
URL: http://www.ceem-dauphine.org/assets/wp/pdf/CEEM_Working_Paper_47_Th\
’eo_Dronne_Fabien_Roques_et_Marcelo_Saguan.pdf.

Esmat, A., Usaola, J., Moreno, M.Á., 2018a. A decentralized local flexibility market
considering the uncertainty of demand. Energies 11 (8), 2078. http://dx.doi.org/
10.3390/EN11082078, https://www.mdpi.com/1996-1073/11/8/2078/htm, https:
//www.mdpi.com/1996-1073/11/8/2078.

Esmat, A., Usaola, J., Moreno, M.Á., 2018b. Distribution-level flexibility market for
congestion management. Energies 11 (5), http://dx.doi.org/10.3390/en11051056.

EUniversal, 2020. Deliverable D1.1. Characterisation of Current Network Regulation
and Market Rules That Will Shape Future Markets. Technical Report, URL: https:
//euniversal.eu/wp-content/uploads/2020/08/EUniversal_D1_1.pdf.

European Commission - General Directorate for Energy, 2015. Study on tariff design
for distribution systems final report. https://ec.europa.eu/energy/sites/ener/files/
documents/20150313Tariffreportfina_revREF-E.PDF.

Fridgen, G., Kahlen, M., Ketter, W., Rieger, A., Thimmel, M., 2018. One rate does not
fit all: An empirical analysis of electricity tariffs for residential microgrids. Appl.
Energy 210, 800–814. http://dx.doi.org/10.1016/j.apenergy.2017.08.138.

Fuller, J.C., Schneider, K.P., Chassin, D., 2011. Analysis of residential demand response
and double-auction markets. In: IEEE Power and Energy Society General Meeting.
http://dx.doi.org/10.1109/PES.2011.6039827.

Gruber, K., Gauster, T., Laaha, G., Regner, P., Schmidt, J., 2022. Profitability and
investment risk of texan power system winterization. Nat. Energy 7 (5), 409–
416. http://dx.doi.org/10.1038/s41560-022-00994-y, URL: https://www.nature.
com/articles/s41560-022-00994-y.

Haque, A.N., Nijhuis, M., Ye, G., Nguyen, P.H., Bliek, F.W., Slootweg, J.G., 2019.
Integrating direct and indirect load control for congestion management in LV
networks. IEEE Trans. Smart Grid 10 (1), 741–751. http://dx.doi.org/10.1109/TSG.
2017.2751743.

Haque, A.N., Shafiullah, D.S., Nguyen, P.H., Bliek, F.W., 2016. Real-time congestion
management in active distribution network based on dynamic thermal overloading
cost. In: 19th Power Systems Computation Conference. PSCC 2016, Institute of
Electrical and Electronics Engineers Inc., http://dx.doi.org/10.1109/PSCC.2016.
7540985.

Heinrich, C., Ziras, C., Jensen, T.V., Bindner, H.W., Kazempour, J., 2021. A local
flexibility market mechanism with capacity limitation services. Energy Policy 156,
112335. http://dx.doi.org/10.1016/J.ENPOL.2021.112335.

Hennig, R., Jonker, M., Tindemans, S., De Vries, L., 2020. Capacity subscrip-
tion tariffs for electricity distribution networks: Design choices and congestion
management. In: International Conference on the European Energy Market,
Vol. 2020-September. EEM, IEEE Computer Society, http://dx.doi.org/10.1109/
EEM49802.2020.9221994.

Hennig, R.J., Ribó-Pérez, D., de Vries, L.J., Tindemans, S.H., 2022a. What is a good
distribution network tariff?—Developing indicators for performance assessment.
Appl. Energy 318, 119186. http://dx.doi.org/10.1016/J.APENERGY.2022.119186,
URL: https://linkinghub.elsevier.com/retrieve/pii/S0306261922005554.

Hennig, R., Tindemans, S.H., De Vries, L., 2022b. Market failures in local flexibility
market proposals for distribution network congestion management. In: International
Conference on the European Energy Market, Vol. 2022-Septe. EEM, IEEE Computer
Society, http://dx.doi.org/10.1109/EEM54602.2022.9920980.

Hirth, L., Maurer, C., Schlecht, I., Tersteegen, B., 2019. Strategisches Bieten in Flex-
Märkten. Energ.wirtsch. Tagesfr. 69 (6), URL: https://neon.energy/Hirth-Maurer-
Schlecht-Tersteegen-2019-Strategisches-Bieten.pdf.

Huang, S., Wu, Q., Liu, Z., Nielsen, A.H., 2015. Review of congestion management
methods for distribution networks with high penetration of distributed energy
resources. In: IEEE PES Innovative Smart Grid Technologies Conference Europe,
Vol. 2015-Janua, No. January. IEEE Computer Society, http://dx.doi.org/10.1109/
ISGTEurope.2014.7028811.

Jin, X., Wu, Q., Jia, H., 2020. Local flexibility markets: Literature review on concepts,
models and clearing methods. Appl. Energy 261, 114387. http://dx.doi.org/10.
1016/j.apenergy.2019.114387.

Johnston, J., Sioshansi, F., 2020. Platform for trading flexibility on the distribution
network: A UK case study. In: Behind and beyond the Meter: Digitalization,
Aggregation, Optimization, Monetization. Elsevier, pp. 233–249. http://dx.doi.org/
10.1016/B978-0-12-819951-0.00011-6.

http://dx.doi.org/10.1016/j.apenergy.2017.08.103
http://dx.doi.org/10.1016/J.ESR.2019.100418
http://dx.doi.org/10.1016/J.ESR.2019.100418
http://dx.doi.org/10.1016/J.ESR.2019.100418
https://cdn.eurelectric.org/media/5499/powering_the_energy_transition_through_efficient_network_tariffs_-_final-2021-030-0497-01-e-h-2ECE5E5F.pdf
https://cdn.eurelectric.org/media/5499/powering_the_energy_transition_through_efficient_network_tariffs_-_final-2021-030-0497-01-e-h-2ECE5E5F.pdf
https://cdn.eurelectric.org/media/5499/powering_the_energy_transition_through_efficient_network_tariffs_-_final-2021-030-0497-01-e-h-2ECE5E5F.pdf
http://dx.doi.org/10.1016/j.apenergy.2015.01.043
http://dx.doi.org/10.1016/j.enpol.2017.01.036
http://dx.doi.org/10.3390/EN14154475
http://dx.doi.org/10.3390/EN14154475
http://dx.doi.org/10.3390/EN14154475
https://www.mdpi.com/1996-1073/14/15/4475/htm
https://www.mdpi.com/1996-1073/14/15/4475
https://www.mdpi.com/1996-1073/14/15/4475
https://www.mdpi.com/1996-1073/14/15/4475
http://dx.doi.org/10.1016/j.enpol.2020.111736
http://dx.doi.org/10.1016/j.apenergy.2020.115317
http://dx.doi.org/10.1109/EEM.2018.8469832
http://dx.doi.org/10.1109/EEM.2018.8469832
http://dx.doi.org/10.1109/EEM.2018.8469832
http://dx.doi.org/10.1016/J.ENPOL.2022.112972
https://linkinghub.elsevier.com/retrieve/pii/S0301421522001975
https://linkinghub.elsevier.com/retrieve/pii/S0301421522001975
https://linkinghub.elsevier.com/retrieve/pii/S0301421522001975
http://dx.doi.org/10.1016/j.tej.2016.07.013
http://dx.doi.org/10.1016/J.JUP.2011.07.001
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html
https://www.bundesnetzagentur.de/DE/Sachgebiete/ElektrizitaetundGas/Unternehmen_Institutionen/NetzentwicklungundSmartGrid/Flexibilitaet/Flexibilitaet_node.html
https://www.ceer.eu/documents/104400/-/-/fd5890e1-894e-0a7a-21d9-fa22b6ec9da0
https://www.ceer.eu/documents/104400/-/-/fd5890e1-894e-0a7a-21d9-fa22b6ec9da0
https://www.ceer.eu/documents/104400/-/-/fd5890e1-894e-0a7a-21d9-fa22b6ec9da0
https://www.cesa.org/resource-library/resource/connectedsolutions-an-assessment-for-massachusetts/
https://www.cesa.org/resource-library/resource/connectedsolutions-an-assessment-for-massachusetts/
https://www.cesa.org/resource-library/resource/connectedsolutions-an-assessment-for-massachusetts/
http://dx.doi.org/10.1016/J.APENERGY.2018.02.098
https://www.ceer.eu/documents/104400/-/-/e436ca7f-a0df-addb-c1de-5a3a5e4fc22b
https://www.ceer.eu/documents/104400/-/-/e436ca7f-a0df-addb-c1de-5a3a5e4fc22b
https://www.ceer.eu/documents/104400/-/-/e436ca7f-a0df-addb-c1de-5a3a5e4fc22b
http://dx.doi.org/10.1007/s11149-015-9284-0
http://dx.doi.org/10.1007/s11149-015-9284-0
http://dx.doi.org/10.1007/s11149-015-9284-0
https://www.usef.energy/app/uploads/2021/05/USEF-The-Framework-Explained-update-2021.pdf
https://www.usef.energy/app/uploads/2021/05/USEF-The-Framework-Explained-update-2021.pdf
https://www.usef.energy/app/uploads/2021/05/USEF-The-Framework-Explained-update-2021.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/176493622/WP_3_8_report.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/176493622/WP_3_8_report.pdf
https://backend.orbit.dtu.dk/ws/portalfiles/portal/176493622/WP_3_8_report.pdf
http://refhub.elsevier.com/S0957-1787(23)00172-8/sb21
http://www.ceem-dauphine.org/assets/wp/pdf/CEEM_Working_Paper_47_Th\'eo_Dronne_Fabien_Roques_et_Marcelo_Saguan.pdf
http://www.ceem-dauphine.org/assets/wp/pdf/CEEM_Working_Paper_47_Th\'eo_Dronne_Fabien_Roques_et_Marcelo_Saguan.pdf
http://www.ceem-dauphine.org/assets/wp/pdf/CEEM_Working_Paper_47_Th\'eo_Dronne_Fabien_Roques_et_Marcelo_Saguan.pdf
http://dx.doi.org/10.3390/EN11082078
http://dx.doi.org/10.3390/EN11082078
http://dx.doi.org/10.3390/EN11082078
https://www.mdpi.com/1996-1073/11/8/2078/htm
https://www.mdpi.com/1996-1073/11/8/2078
https://www.mdpi.com/1996-1073/11/8/2078
https://www.mdpi.com/1996-1073/11/8/2078
http://dx.doi.org/10.3390/en11051056
https://euniversal.eu/wp-content/uploads/2020/08/EUniversal_D1_1.pdf
https://euniversal.eu/wp-content/uploads/2020/08/EUniversal_D1_1.pdf
https://euniversal.eu/wp-content/uploads/2020/08/EUniversal_D1_1.pdf
https://ec.europa.eu/energy/sites/ener/files/documents/20150313Tariffreportfina_revREF-E.PDF
https://ec.europa.eu/energy/sites/ener/files/documents/20150313Tariffreportfina_revREF-E.PDF
https://ec.europa.eu/energy/sites/ener/files/documents/20150313Tariffreportfina_revREF-E.PDF
http://dx.doi.org/10.1016/j.apenergy.2017.08.138
http://dx.doi.org/10.1109/PES.2011.6039827
http://dx.doi.org/10.1038/s41560-022-00994-y
https://www.nature.com/articles/s41560-022-00994-y
https://www.nature.com/articles/s41560-022-00994-y
https://www.nature.com/articles/s41560-022-00994-y
http://dx.doi.org/10.1109/TSG.2017.2751743
http://dx.doi.org/10.1109/TSG.2017.2751743
http://dx.doi.org/10.1109/TSG.2017.2751743
http://dx.doi.org/10.1109/PSCC.2016.7540985
http://dx.doi.org/10.1109/PSCC.2016.7540985
http://dx.doi.org/10.1109/PSCC.2016.7540985
http://dx.doi.org/10.1016/J.ENPOL.2021.112335
http://dx.doi.org/10.1109/EEM49802.2020.9221994
http://dx.doi.org/10.1109/EEM49802.2020.9221994
http://dx.doi.org/10.1109/EEM49802.2020.9221994
http://dx.doi.org/10.1016/J.APENERGY.2022.119186
https://linkinghub.elsevier.com/retrieve/pii/S0306261922005554
http://dx.doi.org/10.1109/EEM54602.2022.9920980
https://neon.energy/Hirth-Maurer-Schlecht-Tersteegen-2019-Strategisches-Bieten.pdf
https://neon.energy/Hirth-Maurer-Schlecht-Tersteegen-2019-Strategisches-Bieten.pdf
https://neon.energy/Hirth-Maurer-Schlecht-Tersteegen-2019-Strategisches-Bieten.pdf
http://dx.doi.org/10.1109/ISGTEurope.2014.7028811
http://dx.doi.org/10.1109/ISGTEurope.2014.7028811
http://dx.doi.org/10.1109/ISGTEurope.2014.7028811
http://dx.doi.org/10.1016/j.apenergy.2019.114387
http://dx.doi.org/10.1016/j.apenergy.2019.114387
http://dx.doi.org/10.1016/j.apenergy.2019.114387
http://dx.doi.org/10.1016/B978-0-12-819951-0.00011-6
http://dx.doi.org/10.1016/B978-0-12-819951-0.00011-6
http://dx.doi.org/10.1016/B978-0-12-819951-0.00011-6


Utilities Policy 85 (2023) 101660R.J. Hennig et al.
Kahn, A.E., Cramton, P.C., Porter, R.H., Tabors, R.D., 2001. Uniform pricing or pay-
as-bid pricing: A dilemma for california and beyond. Electr. J. 14 (6), 70–79.
http://dx.doi.org/10.1016/S1040-6190(01)00216-0.

Kok, K., Widergren, S., 2016. A society of devices: Integrating intelligent distributed
resources with transactive energy. IEEE Power Energy Mag. 14 (3), 34–45. http:
//dx.doi.org/10.1109/MPE.2016.2524962.

Li, R., Wu, Q., Oren, S.S., 2014. Distribution locational marginal pricing for optimal
electric vehicle charging management. IEEE Trans. Power Syst. 29 (1), http://dx.
doi.org/10.1109/TPWRS.2013.2278952.

Martín-Utrilla, F.-D., Chaves-Ávila, J.P., Cossent, R., 2022. Decision framework for
selecting flexibility mechanisms in distribution grids. Energy J. 11 (2), http://dx.
doi.org/10.5547/2160-5890.11.2.fmar, URL: http://www.iaee.org/en/publications/
eeeparticle.aspx?id=429.

Meeus, L., 2020. The Evolution of Electricity Markets in Europe. Edward Elgar
Publishing.

MIT Energy Initiative and IIT Comillas, 2016. Utility of the Future. Technical Report,
URL: https://energy.mit.edu/research/utility-future-study/.

Morell, N., Chaves, J.P., Gómez, T., 2021. Electricity tariff design in the context of
an ambitious green transition. In: Danish Utility Regulator’s Anthology Project
Series on Better Regulation in the Energy Sector, Vol. 1, No. 1. Forsyningstilsynet,
http://dx.doi.org/10.51138/TOOG8893.

National Grid ESO, 2022. Net zero market reform. URL: https://www.nationalgrideso.
com/document/258866/download.

O’Connell, N., Wu, Q., Østergaard, J., Nielsen, A.H., Cha, S.T., Ding, Y., 2012.
Day-ahead tariffs for the alleviation of distribution grid congestion from electric
vehicles. Electr. Power Syst. Res. 92, 106–114. http://dx.doi.org/10.1016/j.epsr.
2012.05.018.

Passey, R., Haghdadi, N., Bruce, A., MacGill, I., 2017. Designing more cost reflective
electricity network tariffs with demand charges. Energy Policy 109, 642–649.
http://dx.doi.org/10.1016/j.enpol.2017.07.045.

Prettico, G., Marinopoulos, A., Vitiello, S., 2021. Distribution System Operator Obser-
vatory 2020: An In-Depth Look on Distribution Grids in Europe. Technical Report,
Luxembourg, http://dx.doi.org/10.2760/311966.

Radecke, J., Hefele, J., Hirth, L., 2019. Markets for Local Flexibility in Distribution
Networks. Kiel, Hamburg, URL: https://www.econstor.eu/handle/10419/204559.

Ramos, A., De Jonghe, C., Gómez, V., Belmans, R., 2016. Realizing the smart grid’s
potential: Defining local markets for flexibility. Util. Policy http://dx.doi.org/10.
1016/j.jup.2016.03.006.

Reneses, J., Ortega, M.P.R., 2014. Distribution pricing: Theoretical principles and
practical approaches. IET Gener. Transm. Distrib. 8 (10), 1645–1655. http://dx.
doi.org/10.1049/iet-gtd.2013.0817.

Ribó-Pérez, D., Heleno, M., Álvarez-Bel, C., 2021. The flexibility gap: Socioeconomic
and geographical factors driving residential flexibility. Energy Policy 153, 112282.
http://dx.doi.org/10.1016/j.enpol.2021.112282.
14
Richstein, J.C., Hosseinioun, S.S., 2020. Industrial demand response: How network
tariffs and regulation (do not) impact flexibility provision in electricity markets
and reserves. Appl. Energy 278, 115431. http://dx.doi.org/10.1016/J.APENERGY.
2020.115431.

Schittekatte, T., Meeus, L., 2020. Flexibility markets: Q&A with project pio-
neers. Util. Policy 63, http://dx.doi.org/10.1016/j.jup.2020.101017, URL: http:
//creativecommons.org/licenses/by/4.0/.

Schittekatte, T., Momber, I., Meeus, L., 2017. RSCAS 2017/22 Future-Proof Tariff
Design: Recovering Sunk Grid Costs in a World Where Consumers are Pushing
Back. Technical Report, Florence School of Regulation; Energy, Robert Schuman
Centre for Advanced Studies (RSC), URL: http://hdl.handle.net/1814/46044.

Spiliotis, K., Ramos Gutierrez, A.I., Belmans, R., 2016. Demand flexibility versus
physical network expansions in distribution grids. Appl. Energy 182, 613–624.
http://dx.doi.org/10.1016/J.APENERGY.2016.08.145.

Stawska, A., Romero, N., de Weerdt, M., Verzijlbergh, R., 2021. Demand response:
For congestion management or for grid balancing? Energy Policy 148, 111920.
http://dx.doi.org/10.1016/J.ENPOL.2020.111920.

Tabors, R., Caramanis, M., Ntakou, E., Parker, G., Van Alstyne, M., Centolella, P.,
Hornby, R., 2017. Distributed energy resources: New markets and new products.
In: Proceedings of the 50th Hawaii International Conference on System Sciences
(2017). pp. 2993–3002. http://dx.doi.org/10.24251/hicss.2017.362.

Tuunanen, J., Honkapuro, S., Partanen, J., 2016. Power-based distribution tariff
structure: DSO’s perspective. In: International Conference on the European Energy
Market, Vol. 2016-July. EEM, IEEE Computer Society, http://dx.doi.org/10.1109/
EEM.2016.7521249.

USEF Foundation, 2020. USEF Flexibility Trading Protocol Specifications. Technical
Report, USEF, URL: https://www.usef.energy/app/uploads/2020/01/USEF-Flex-
Trading-Protocol-Specifications-1.01.pdf.

Valarezo, O., Gómez, T., Chaves-Avila, J.P., Lind, L., Correa, M., Ziegler, D.U.,
Escobar, R., 2021. Analysis of new flexibility market models in Europe. Energies 14
(12), 3521. http://dx.doi.org/10.3390/EN14123521, URL: https://www.mdpi.com/
1996-1073/14/12/3521/htm, https://www.mdpi.com/1996-1073/14/12/3521.

Verzijlbergh, R.A., De Vries, L.J., Lukszo, Z., 2014. Renewable energy sources and
responsive demand. Do we need congestion management in the distribution
grid? IEEE Trans. Power Syst. 29 (5), 2119–2128. http://dx.doi.org/10.1109/
TPWRS.2014.2300941, URL: http://ieeexplore.ieee.org/document/6730962/.

Villar, J., Bessa, R., Matos, M., 2018. Flexibility products and markets: Literature
review. In: Electric Power Systems Research, Vol. 154. Elsevier Ltd, pp. 329–340.
http://dx.doi.org/10.1016/j.epsr.2017.09.005.

Ziras, C., Heinrich, C., Bindner, H.W., 2021. Why baselines are not suited for local
flexibility markets. Renew. Sustain. Energy Rev. 135, 110357. http://dx.doi.org/
10.1016/J.RSER.2020.110357.

http://dx.doi.org/10.1016/S1040-6190(01)00216-0
http://dx.doi.org/10.1109/MPE.2016.2524962
http://dx.doi.org/10.1109/MPE.2016.2524962
http://dx.doi.org/10.1109/MPE.2016.2524962
http://dx.doi.org/10.1109/TPWRS.2013.2278952
http://dx.doi.org/10.1109/TPWRS.2013.2278952
http://dx.doi.org/10.1109/TPWRS.2013.2278952
http://dx.doi.org/10.5547/2160-5890.11.2.fmar
http://dx.doi.org/10.5547/2160-5890.11.2.fmar
http://dx.doi.org/10.5547/2160-5890.11.2.fmar
http://www.iaee.org/en/publications/eeeparticle.aspx?id=429
http://www.iaee.org/en/publications/eeeparticle.aspx?id=429
http://www.iaee.org/en/publications/eeeparticle.aspx?id=429
http://refhub.elsevier.com/S0957-1787(23)00172-8/sb44
http://refhub.elsevier.com/S0957-1787(23)00172-8/sb44
http://refhub.elsevier.com/S0957-1787(23)00172-8/sb44
https://energy.mit.edu/research/utility-future-study/
http://dx.doi.org/10.51138/TOOG8893
https://www.nationalgrideso.com/document/258866/download
https://www.nationalgrideso.com/document/258866/download
https://www.nationalgrideso.com/document/258866/download
http://dx.doi.org/10.1016/j.epsr.2012.05.018
http://dx.doi.org/10.1016/j.epsr.2012.05.018
http://dx.doi.org/10.1016/j.epsr.2012.05.018
http://dx.doi.org/10.1016/j.enpol.2017.07.045
http://dx.doi.org/10.2760/311966
https://www.econstor.eu/handle/10419/204559
http://dx.doi.org/10.1016/j.jup.2016.03.006
http://dx.doi.org/10.1016/j.jup.2016.03.006
http://dx.doi.org/10.1016/j.jup.2016.03.006
http://dx.doi.org/10.1049/iet-gtd.2013.0817
http://dx.doi.org/10.1049/iet-gtd.2013.0817
http://dx.doi.org/10.1049/iet-gtd.2013.0817
http://dx.doi.org/10.1016/j.enpol.2021.112282
http://dx.doi.org/10.1016/J.APENERGY.2020.115431
http://dx.doi.org/10.1016/J.APENERGY.2020.115431
http://dx.doi.org/10.1016/J.APENERGY.2020.115431
http://dx.doi.org/10.1016/j.jup.2020.101017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/1814/46044
http://dx.doi.org/10.1016/J.APENERGY.2016.08.145
http://dx.doi.org/10.1016/J.ENPOL.2020.111920
http://dx.doi.org/10.24251/hicss.2017.362
http://dx.doi.org/10.1109/EEM.2016.7521249
http://dx.doi.org/10.1109/EEM.2016.7521249
http://dx.doi.org/10.1109/EEM.2016.7521249
https://www.usef.energy/app/uploads/2020/01/USEF-Flex-Trading-Protocol-Specifications-1.01.pdf
https://www.usef.energy/app/uploads/2020/01/USEF-Flex-Trading-Protocol-Specifications-1.01.pdf
https://www.usef.energy/app/uploads/2020/01/USEF-Flex-Trading-Protocol-Specifications-1.01.pdf
http://dx.doi.org/10.3390/EN14123521
https://www.mdpi.com/1996-1073/14/12/3521/htm
https://www.mdpi.com/1996-1073/14/12/3521/htm
https://www.mdpi.com/1996-1073/14/12/3521/htm
https://www.mdpi.com/1996-1073/14/12/3521
http://dx.doi.org/10.1109/TPWRS.2014.2300941
http://dx.doi.org/10.1109/TPWRS.2014.2300941
http://dx.doi.org/10.1109/TPWRS.2014.2300941
http://ieeexplore.ieee.org/document/6730962/
http://dx.doi.org/10.1016/j.epsr.2017.09.005
http://dx.doi.org/10.1016/J.RSER.2020.110357
http://dx.doi.org/10.1016/J.RSER.2020.110357
http://dx.doi.org/10.1016/J.RSER.2020.110357

	Congestion management in electricity distribution networks: Smart tariffs, local markets and direct control
	Introduction
	Congestion Problem Specification
	Objectives for congestion management
	Design choices of congestion management mechanisms
	Load/feed-in controlling party
	DSO position: offer or buy-back of network access
	End-user position: applied loads, relation to tariff and consent
	Price formation
	Time frame
	Spatial variation
	Further product specifications

	Review and classification of congestion management mechanisms from the literature
	Network access price-based methods
	Static network tariffs
	Dynamic tariffs

	Local flexibility markets for CM
	Control-based mechanisms

	Discussion
	Types and allocation of risks
	The influence of design choices
	Static tariffs
	Dynamic tariffs
	Local Flexibility Markets
	Direct Load Control

	Conclusion
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


