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About FlexPlan
The FlexPlan project aims at establishing a new grid planning methodology considering the opportunity
to introduce new storage and flexibility resources in electricity transmission and distribution grids as an
alternative to building new grid elements. This is in line with the goals and principles of the new EC
package Clean Energy for all Europeans, which emphasizes the potential usage of flexibility sources in the
phases of grid planning and operation as alternative to grid expansion. In sight of this, FlexPlan creates a
new innovative grid planning tool whose ambition is to go beyond the state of the art of planning
methodologies, by including the following innovative features: integrated T&D planning, full inclusion of
environmental analysis, probabilistic contingency methodologies replacing the N-1 criterion as well as
optimal planning decision over several decades. However, FlexPlan is not limited to building a new tool
but it also uses it to analyse six regional cases covering nearly the whole European continent, aimed at
demonstrating the application of the tool on real scenarios as well as at casting a view on grid planning in
Europe till 2050. In this way, the FlexPlan project tries to answer the question of which role flexibility
could play and how its usage can contribute to reduce planning investments yet maintaining (at least) the
current system security levels. The project ends up formulating guidelines for regulators and for the
planning offices of TSOs and DSOs. The consortium includes three European TSOs, one of the most
important European DSO group, several R&D companies and universities from 8 European Countries
(among which the Italian RSE acting as project coordinator) and N-SIDE, the developer of the European
market coupling platform EUPHEMIA.

Partners
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List of Abbreviations and Acronyms
Abbreviation/Acronym

Meaning

AC

Alternating Current

AVR

Automatic Voltage Regulator

BESS

Battery Energy Storage System

BIP

Base Interruptible Program

BRP

Balance Responsible Party

BSP

Balancing Service Provider

CACM

Capacity Allocation and Congestion Management

CAES

Compressed Air Energy Storage

CAISO

California Independent System Operator

CBL

Customer Baseline Load

CCGT

Combined Cycle Gas Turbine

CCHP

Combined Cooling, Heat and Power

CHP

Combined Heat and Power

CM

Congestion Management

CNTC

Coordinated Net Transmission Capacity

CPP

Critical Peak Pricing

CPR

Critical Peak Rebate

DA

Day-Ahead

DADRP

Day-Ahead Demand Response Program

DER

Distributed Energy Resource

DHW

Domestic Heat Water

DLC

Direct Load Control

DR

Demand Response (DSR)

DSASP

Demand-Side Ancillary Services Program

DSO

Distribution System Operator

DSR

Demand Side Response

EASE

European Association for Storage of Energy

EBGL

Electricity Balancing Guideline

EC

European Commission

EDRP

Emergency Demand Response Program

EERA

European Energy Research Alliance

EMS

Energy Management System

ENTSO-E

European Network of TSOs for Electricity

EPRI

Electric Power Research Institute (USA)

ETPA

Energy Trading Platform Amsterdam
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EU

European Union

EV

Electric Vehicle

FACTS

Flexible AC Transmission System

FAT

Full Activation Time

FB

Flow-Based

FCR

Frequency Containment Reserves

FCDM

Frequency Control by Demand Management

FFR

Fast Frequency Response

FRR

Frequency Restoration Reserves (with automatic, aFRR, and manual, mFRR,
activation)

FSL

Firm Service Level

FSP

Flexibility Service Provider

FSPl

Flowgate Shadow Price of branch l

GHG

Greenhouse Gas

GSF

Generation Shift Factor

HVAC

Heat, Ventilation and Air Conditioning

HVDC

High Voltage Direct Current

ICAP-SCR

Installed Capacity – Special Case Resource

ID

Intraday

IESO

Independent Electricity System Operator (Ontario)

ISO

Independent System Operator

ISP

Imbalance Settlement Period

LAES

Liquid Air Energy Storage

LFC

Load Frequency Control

LM

Lagrange Multiplier

LMP

Local Marginal Price

MARI

Manually Activated Reserves Initiative

NA

(N/A)

NECP

National Energy and Climate Plans

NYISO

New York ISO

OCGT

Open Cycle Gas Turbine

OLTC

On Load Tap Changer

OPF

Optimized Power Flow

P2G

Power to Gas

PG&E

Pacific Gas & Electric

PICASSO

Platform for the International Coordination of Automated frequency restoration
and Stable System Operation

PSS

Power System Stabiliser

PST

Phase Shifting Transformer

PV

Photovoltaic

R&D

Research & Development
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RES

Renewable Energy Source

RoCoF

Rate of Change of Frequency

RR

Replacement Reserves

RTP

Real Time Pricing

SCE

Southern California Edison

SCED

Security-Constrained Economic Dispatch

SDG&E

San Diego Gas & Electric

TCL

Thermodynamically Controlled Load

TERRE

Trans European Replacement Reserves Exchange

TOU

Time of Use

TSO

Transmission System Operator

UK

United Kingdom

UPS

Uninterruptible Power Source

USA

United States of America

V2G

Vehicle to Grid

VPP

Variable Peak Pricing

WTG

Wind Turbine Generator
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Executive Summary
Introduction
The present report is conceived as an input for the algorithm development of the pre-processor tool to
be accomplished within FlexPlan project. This software tool seeks to size, locate and estimate the
performance of flexibility resources, which will support and/or avoid contingency situations in
transmission and distribution networks, as an alternative to conventional network extension procedures.
As a secondary application, the tool could also be used to provide support to the elaboration of future
scenarios of generation and demand, taking into account the expected increasing deployment of storage
systems in generation plants and at electricity customers’ facilities.
The pre-processor requires three main types of input to provide flexibility candidates to the planning
tool within the project planning optimization procedure:


Scenario information: in the frame of the project this will be the European power system
characteristics in the time frames of the study.



Technical and Economic characterisation of flexibility resources: storage, demand
response, line/cables and Phase Shifting Transformers (PST) are considered as candidates to
provide flexibility to the system.



Operational strategy of the flexibility resource: depending on the service to be provided,
e.g. congestion support, the operational strategy of the flexibility resources can be defined.

In this report, this last topic will be analysed, focusing on storage and demand response in the frame of
services where they can provide flexibility to the system. First a general survey of services is performed,
looking at which might be their characteristics, their evolution and the regional specifics at EU level.
Second, the focus is set on the characterization of the congestion management support service, as
reference for network planning. Here, the aspects more relevant for the development of the preprocessor are analysed, as reference for its specification.
Both D2.1 and D2.2 [1] of FlexPlan collect the inputs necessary for the definition of the specifications
and the development of the algorithms of the pre-processor tool.

Storage
Storage is one of the main flexibility resources for the power system and its importance is expected to
increase in the coming years. To describe storage related applications for the power system, the
classification provided by the European Association for Storage of Energy (EASE) and the European
Energy Research Alliance (EERA) is used as reference [2], see next Figure 2.1.

Copyright 2020 FlexPlan
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Figure 1.1 – Energy Storage applications in the electricity sector [2]

It is not easy to say how these applications will evolve in the future, in order to create scenarios for
2030/2040/2050, as input for the FlexPlan project studies. One of the ways to assess how flexibility
resources will be used in the future is to analyse how power systems will evolve. To this respect, several
aspects are expected to change in the power systems, for example:


Distribution networks and the role of DSOs: distribution networks will need to evolve
towards more active systems. In this context, DSOs will need to carry out new or enhanced
functions such as manage and coordinate Distributed Energy Resources (DER), facilitate
trading with local markets and optimise the automation and control of distribution networks



Transmission networks and the role of TSOs: transmission networks will evolve towards a
higher integration of markets at EU level and they will have to face the challenges of energy
flows in multiple directions and the reduction of inertia, for example. The TSOs operation and
planning procedures will also evolve to face these issues.



TSO-DSO interaction: TSOs and DSOs should optimise their processes and actions in
collaboration.



Regulatory framework: it should evolve to improve customer protection, DSOs role
definition, define the optimum allocation of risks, reward innovation by DSOs and enable
investors to get a fair return.



Electricity markets: trading in short term markets may increase, market types and products
might be more integrated, timeframes (continuous trading, auction orders…), additional
information for the provision of ancillary services (e.g. location, ramp-rates…), pricing design
(e.g. mix of zonal and nodal prices depending on the market, use of smaller bidding zones…),
coordination in the allocation of transmission capacity, etc.

Copyright 2020 FlexPlan

Page 10 of 102

FlexPlan


Flexibility: the use of flexibility to solve market congestions in distribution grids: local
markets, higher coordination between DSO-TSO is expected.



Capacity calculation and capacity allocation model: it might require changes, such as a
more accurate calculation of power flows, use of locational information, new pricing model
design, improved common transmission capacity management, etc.



Balancing services: closer to real time auctions together with slower response services, long
term tenders, new products, etc.

Demand Response
Another important flexibility resource is Demand Response (DR). According to [3], DR is the
adjustment of electrical load operations to provide grid services. As reflected in EU regulation [4], DR is
not a single homogeneous resource and this represents both an advantage and a disadvantage [3]:


Advantage: flexibility needs can be addressed at different time scales because of the
heterogeneity of the resource.



Disadvantage: it is challenging to reliably estimate the technical and economic potential of the
resource as a whole.

The role of DR is changing because of experience gathering, technological improvements and power
markets evolution. Historically, DR has supported peak load management. However, today, DR is already
providing additional system services for energy, capacity and ancillaries’ markets. In the future, it is
expected that DR solutions, already deployed in specific grids in countries such as the USA, will be
expanded both geographically and in terms of types of services [3].
Depending on the context, DR programmes may be implemented in all kind of electricity markets [3]:


Wholesale markets: normally, for big size commercial and industrial customers, which are
allowed to participate in this type of markets.
o

Energy markets: day-ahead and intraday markets. Electricity is traded.

o

Ancillary services markets: they include balancing markets, voltage control and
reactive power markets, for example

o


Capacity markets: capacity payments for curtailment on request. Power is traded.

Retail markets: normally, for small customers or in countries that have not implemented DR
in wholesale markets. There are several DR strategies with different implementation
characteristics in terms of who bears a higher risk (customer vs. utility) and in the complexity
of the deployment: time based tariffs (from time of use rates to real time pricing), indirect
control strategies (customers change their consumption upon request of the system
operator), direct control of loads (an operator or demand aggregator acts directly upon
certain loads in customers’ facilities) and automated DR (a local control system responds to a
signal, event of price, automatically acting upon loads in a predefined way).

Several attributes can be used to describe DR strategies or programmes [3]:


Quality of response: certainty, magnitude, speed.

Copyright 2020 FlexPlan
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Robustness to changing conditions (e.g. renewable energy penetration).



Implementation difficulty: infrastructure requirements, time and cost.

Looking ahead into the future, the DR should evolve considering the following [5]:


Automated DR will increase in industry. This will provide higher certainty in DR
programme participation.



Consistent DR mechanisms should be available for wholesale market participation.



System operators should be able to predict with more accuracy energy and capacity
reductions based on season, location, hour of day and frequency of events.



DR dispatch optimization tools would help provide recommendations to dispatchers for
when, where and how much DR to use. Dispatching per node should be possible.



It would be important to understand the impact of DR on real-time load (learn to isolate
DR actions from forecast errors). Needed enhancements to achieve this are:



o

Forecast real-time load by zone instead of at the aggregate grid level.

o

Calibrate the expected load reductions based on historic performance.

o

Use real-time load data from end-customers/aggregators.

The customer’s capacity requirement (peak load contribution by each customer)
calculation method should be more robust.



Regarding planning, it should be considered whether DR is included or excluded from
demand evolution estimations (since DR cannot be predicted) and how to do it, e.g., how to
calculate the electricity price and revenues impact on the amount of DR.

Regional level specifics
Because of the specific characteristics of the different European regions, in terms of weather,
demand structure and cultural aspects related to energy consumption, differences in load and generation
dynamics are expected. Hence, it can also be expected that regulations and requirements regarding
system and network services are different. Several local factors are essential for the consideration of the
need for future ancillary services:


Presence of the energy resources and infrastructure for alternative energy vectors (gas,
hydrogen, district heating…).



Demand mix: space heating is often covered by natural gas, while space cooling is electricity
driven, heat pumps deployment is increasing, etc. However, demand characteristics change
from country to country and are highly influenced by local climate conditions.



Generation mix: geographic landscape, availability of local resources and historic legacy are
important factors for the conventional, as well as Renewable Energy Resources (RES),
generation deployment. Today, generation is expected to be connected to both transmission
and distribution networks.



Interconnections with neighbouring countries: availability of strong interconnections with
other power systems can help resolve local congestion issues in transmission grids.

Copyright 2020 FlexPlan
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Characterization of congestion for pre-processor specification
Considering the main characteristics of the planning methodology and tool that will be developed in
the frame of the FlexPlan project, yet starting from a general framing on the previously reviewed services,
the focus is set on the congestion support, particularly, from the active power point of view and from the
grid planning perspective.
With this objective in mind, a pre-processor tool supporting the network planning process is
expected to provide the following inputs to the planning optimization tool:


A location in the network (node/bus) for the flexibility resource (storage, phase shifting
transformer -PST, DR).



A list of candidate flexibility resource technologies for each location (considering site
characteristics).



A size for each candidate.



A cost for each candidate.

The determination of these aspects is directly influenced by the characteristics of the network
congestion that the flexible resource is expected to alleviate. Looking at the congestion problem, an
operational strategy of the flexible resource needs to be defined, and considered also at planning level,
to assess the expected performance of the resource. This strategy should define when the resource is
activated/deactivated (for charge and discharge in the case of the storage) and at which operative point,
as a percentage of its rated power, by taking into account its influence on grid congestion. This
information is important because, from it, both the technical performance, e.g. usage and impact on
lifetime, and associated costs could be derived.
Considering that a determined flexibility resource has influence on the power flow passing through a
congested asset, we could think of different operational strategies for it, depending on the type of signal
that activates the resource:


Triggered by power flow: once a certain network asset reaches a pre-set power level (in
simulations this will happen at a specific time step), the flexibility resource would be
activated.



Triggered by power considering energy limits: this is relevant for the storage, which has a
nominal capacity in energy, but also for DR, where, depending on the strategy characteristics
(defined contractually), the activation of different load reduction resources might be
required. The flexibility resource would be activated in the same way as above, but instead of
providing a predefined fixed percentage of available power, the power level at each time step
would be reduced, when it is predicted that the resource will not be able to provide the
expected power during the whole congestion period.



Triggered by a market price signal (zonal/nodal): on day-ahead basis, once the prices for
the next day are known, an algorithm could select which are the preferred hours to activate
the flexibility resources and, in the case of storage, also which are the preferred hours to
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charge. The price signal might be especially important for flexibility resource operators that
may have no power flow references or direct activation signals from the system operator.


Triggered by demand forecast: the expected demand for the following hours is used to
programme the activation of flexibility resources. As an example, the technical feasibility of
the results of the wholesale energy market clearing process is checked by the system operator
to identify and avoid congestions in the transmission network. In the case of distribution
networks, it is expected that, in the future, a similar procedure could be applied at local
markets level.

With these operational strategies in mind, a generic algorithm for the operation of flexible resources
is proposed with the following main steps:
1.

Check the signal that triggers the flexibility resource to support the congestion. It could be
power flow, energy, electricity price or demand level, for example, and it could be day-ahead,
hours-ahead or real-time.

2.

If the activation does not need to be immediate:
a.

Evaluate the current or expected availability of storage and/or DR resources: maximum
power, maximum energy, response time, etc.

b.

Select the preferred activation hours through simple rules or optimization, depending on
the case. For storage, both charging and discharging hours should be selected.

c.

Set the activation power level for each time step within the analysed time window, by
taking into account availability and relative impact of the resource on the congestion. To
do this, we could establish as reference a maximum allowed power limit in the line, a
fixed or variable power reduction percentage for each congested hour, an available
energy sharing through the congestion period, etc.

3.

Activate the storage and DR at the pre-selected power when it comes the time.

The general network topology characteristic, e.g. meshed or radial, and the existence of additional
resources have also influence on the operational algorithms, especially in what relates to the influence
that a specific resource has on a specific power congestion, i.e. in the calculation of the power that
should be requested to each flexibility resource to solve a congestion.
In a step previous to the operational strategy definition, the flexibility resources need to be located in
the network, both at transmission and distribution levels. To identify the best location for the flexibility
resource installation (in the case of storage) or demand enrolment (in the case of demand response), we
count on the outputs from an OPF run on the non-expanded network of our case study, which is the base
case, the initial network before the planning optimization procedure takes place.
The OPF provides a constrained solution and, therefore, power flows result below, or at, the capacity
limits of each network asset. In this case, to identify congestions in the network, we use the concept of
Locational Marginal Prices (LMP) and/or Lagrange multipliers, which are both related.
Copyright 2020 FlexPlan
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The LMP is defined as the least cost for the power system to service the next increment of demand
(e.g. 1 MW) at a certain location (node/bus), consistent with all power system operating constraints [6].
Its formulation, which stems from the derivative of the objective function of the OPF, defines its following
characteristics that allow to identify congestions throughout the network:


For an ideal system without losses having unlimited transmission capacity, all LMPs would be
the same price per MW at different locations.



When congestion occurs across a system line, the sink price of an asset rises above the source
price. The higher the LMP price difference is between the two nodes of a line, the more severe
is the congestion.



Congestions vary both spatially and in time within the network.

In general, the LMP reference is valid to locate both storage and DR. Storage is more flexible and, in
principle, it can be located anywhere in the network: generation nodes, demand nodes and network
nodes. DR can solve congestions caused by demand and it depends on the existence of flexible loads at a
certain node of the network, with the ability to change the power flow of the congested network asset.
The sizing of flexibility resources is linked to knowing the characteristics of the congestions affecting
a network asset. The more relevant aspects to identify are the following:


Power requirement: the maximum amount of deviation from the capacity limit in a year.



Energy requirement: the maximum consecutive hours of appearance of the congestion.



Operation intensity: the number of congested hours in a year.

The maximum power requirement could be determined on the basis of the maximum power
exceeding the capacity of an asset, while the operation intensity would be determined on the basis of the
number of hours that the capacity is exceeded in a year. The energy requirement needs the assessment of
the timely evolution of the congestion, to understand which is its maximum duration and its evolution in
time.
The sizing of the flexibility resource could be performed to meet these maximum requirements either
totally or partially, i.e. in a percentage. Moreover, the influence of additional flexibility resources that
have a remedial impact on the same congested asset needs to be evaluated.
Considering the results from an OPF as input, the power exceeding line capacity is not available. In this
case, LMPs provide information about marginal costs for the system when injecting power at one node.
To correlate the impact on the system costs with the power required from the flexibility resource to solve
the congestion, an iterative process would be needed, leading to the equalisation of the LMPs of the two
nodes connected by a congested asset.

Next steps
The next step is to define a specification upon which the software of the pre-processor will be
developed, taking the information collected in this report as one of the main references.

Copyright 2020 FlexPlan

Page 15 of 102

FlexPlan
1 Introduction
The present report is conceived as an input for the algorithm development of the pre-processor tool to
be accomplished in the frame of the FlexPlan project. This software tool seeks to size, locate and estimate
the performance of flexibility resources to support and/or avoid contingency situations in transmission
and distribution networks, as an alternative to conventional network extension procedures, e.g. not
limited to the installation of new lines or substations. As a secondary application, the tool could also be
used to provide support to the elaboration of future scenarios of generation and demand, taking into
account the expected increasing deployment of storage systems in generation plants and at electricity
customers’ facilities.
In the first part of the document, sections 2 to 5, a literature review is performed to describe, in a
comprehensive and general way, the set of services that both storage technologies and Demand Response
(DR) strategies could provide to the system, networks, generators and customers. Even if the main scope
for the flexibility resources in the frame of the project, and in relation to the planning tool, is congestion
management, the scenarios creation option is also considered at this first stage of the research, and
therefore, a broad view of services of flexibility resources is provided. The word “service”, used
throughout the document, is equivalent to “application” or “operational strategy”, in the context of the
project. All three concepts refer here to the same concept: ways in which a flexibility resource can be used
to provide some benefit to a system operator, to a producer or/and to a consumer.
In section 2, different applications of the storage at electricity system level are revised; in section 3,
Demand Response strategies are characterized through examples found in literature and in the US
market, which is more advanced in this field; in section 4, some EU regional specifics on services are
introduced; and in section 5, a first mapping of flexibility resources to typical network services is
provided based, again, on the literature and on existing market designs.
After the overview provided by the state-of-the-art description, the focus is set on the strategies
dealing with congestion management, which is the most relevant application for flexibility resources from
the planning perspective tackled within the project: new storage and flexibility resources in electricity
transmission and distribution grids to support congestion management and as integrated approach to
building new passive grid elements in the network.
In section 6, the services analysed in the first sections are assessed from the network congestion
problem point of view. In section 7, the congestion service is analysed more in detail with the scope of
understanding the problematic that the pre-processor tool needs to solve to provide the required inputs
to the planning tool, namely, cost, location and sizing of the candidate flexibility resources to be
considered in the network extension optimization problem. The main external input for the preprocessor is the scenario condition resulting from the Optimal Power Flow (OPF) calculation, run in the
non-expanded European network model. Because of this, it is important to establish how the inputs
provided by the OPF can be used to obtain the expected results in the pre-processor tool. In this section,
the main concepts that will support the development of the algorithms of the tool are presented, as
reference for the later modelling to be accomplished in the project.
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2 Storage related services definition and characterization
To deal with the description of storage related applications for the power system, the classification
provided by the European Association for Storage of Energy (EASE) and the European Energy Research
Alliance (EERA) is used as reference in this section [2]. The classification is depicted in next Figure 2.1.
and most of the concepts in it will be expanded in the next subsections.

Figure 2.1 – Energy Storage applications in the electricity sector [2]

Even if all the applications above are expected to have a positive impact on the power system, the
storage can be located at different domains of the power network mainly to serve the following purposes,
depending on the promoter of the installation:


Generators: the producer aims at selling energy, and possibly other services, in an optimum
way, to maximize its benefits.



Customers: customers aims at reducing electricity costs, either by consuming less energy
or/and at a lower price, or by selling services to the system operator, aggregator, etc.



System operators: they aim at operating and extending the network in the most efficient
way, from both the technical and economic perspectives.

In the present, while the first two kinds of actors take the decision to install storage in the frame of a
liberalized market, system operators are restricted to a regulated framework. Therefore, system
operators can only have partial influence (if any) on the amount of storage that will be installed by
generators and customers through regulatory incentives, channelled by, e.g., ancillary services markets,
demand response programs, etc. Within this project, we need to think of other possible future
alternatives, such as TSO-DSOs favouring specific locations to place storage, through incentivization
policies promoted by regulatory authorities.
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The main goal of FlexPlan project is to analyse network planning modalities and, therefore, possible
future storage applications directly operated by system operators are within the study perimeter.
However, also generator- and customer-related applications are reviewed below as input for the scenario
generation process, since the participation of storage connected to power plants and to installations
behind the meter is expected to increase in the next years.

2.1 Services for the system and transmission and distribution networks
In this section, the services related to the power system and networks operation are summarized. A
more detailed analysis is performed on the most common services, among which are those implemented
in most of the European markets.
Following Figure 2.1, a short description of the services that storage applications can provide for the
power system, in particular, for transmission/distribution networks. At power system level [2], storage
can contribute to:


Primary, secondary and tertiary frequency control: these are the balancing products used
by the system operator to maintain system frequency within admissible limits. Today, the
terms primary, secondary and tertiary are being replaced by the ENTSO-E terms frequency
containment, frequency restoration and replacement reserves. The mapping between old and
new harmonised concepts depends on the country. Also, Fast Frequency Response can be
included under this balancing service.



Frequency stability: storage contributes to maintain a stable frequency in networks
disconnected from the grid (island grids and microgrids).



Black start: storage can be used to help restore the system, e.g. by powering generators, after
a black out.



Voltage support: storage can be used to provide reactive or active energy with the final aim
of maintaining voltage between permitted levels.



New ancillary services: they refer to services required to cope with high RES levels including
synthetic inertia, ramping margin, fast frequency response (storage can provide energy in the
first moments after a frequency deviation is observed), dynamic reactive response, etc.

At network level [2] storage can contribute to:


Investment deferral: storage can be useful to solve congestion issues, especially temporary
ones, and defer infrastructure upgrades.



Angular stability: storage can be charged and discharged at high powers (i.e. high energy in
short periods) to reduce load-angle variations when an event occurs.



Transmission support: storage can compensate disturbances such as voltage sags, subsynchronous resonance, etc.



Capacity support: storage can shift load, normally from on-peak periods to off-peak periods,
to reduce the maximum currents flowing through cables, wires and other network assets. The
objective could be to integrate more Renewable Energy Sources (RES) output in the networks,
to reduce losses, to reduce the stress upon certain network assets, etc.
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Contingency grid support: storage can compensate for the loss of generation capacity and
the related impact on capacity and voltage.



Distribution power quality: storage can be used by the DSO to keep the voltage profile
within limits (less probability of black out or interruptions).



Dynamic local voltage control: storage can help maintain voltage within limits to meet
contractual and regulatory requirements.



Intentional islanding: storage can support the operation of an island within the system to
improve system reliability.



Limitation of upstream disturbances: storage can be used to filter the disturbances that
may pass from distribution to transmission networks.



Reactive power compensation (dynamic and static): storage can contribute to grids’
reactive power balance.

Below, six of these storage applications are revised: balancing, congestion management, voltage
control, inertial response, black start, controlled islanding. These applications are already implemented as
services in electricity markets or closer to their implementation.
A description is provided for each service and the products that are currently and commonly
marketed at EU level are identified. For other current services for which there is no standardization at
EU-level, we look into the product definition from literature (e.g. European research projects such as EUSysFlex [7], CoordiNet [8], SmartNet [9], INTERRFACE [10]) (e.g., definition of reserved and non-reserved
congestion management products within congestion management). Where available, regional initiatives
such as Piclo Flex, Enera, NODES and GOPACS (pioneering platforms for flexibility markets for congestion
management) serve as a basis for attribute values as well( [11] [12] [13] [14] [15] [16]).
Then, for each product, the relevant attributes and their respective values are listed. For products for
which European standards exist, these values are used. Regarding the other services and related
products, attribute values are based on literature (e.g., taken from European research projects).

2.1.1 Balancing
Service definition and description
According to Article 2 of the European Electricity Balancing Guideline (EBGL) [17], “‘balancing’ means
all actions and processes, on all timelines, through which TSOs ensure, in a continuous way, the
maintenance of system frequency within a predefined stability range and compliance with the amount of
reserves needed with respect to the required quality”.
Different balancing processes are used by European Transmission System Operators (TSOs), based on
historic developments and the different balancing philosophies of these TSOs. For instance, according to
[18], a TSO can either use forecasts and manual reserve products to prevent future imbalances, or it can
let balancing activations respond solely to frequency or control error signals. Depending on the power
system characteristics, both approaches can be advocated.
More specifically, [19] identifies four steps to organise balancing. These are the following:


Frequency Containment Reserves (FCR).



Frequency Restoration Reserves with automatic activation (aFRR).
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Frequency Restoration Reserves with manual activation (mFRR).



Replacement Reserves (RR).

First, frequency containment stabilises the frequency after the disturbance at a steady-state value
within the permissible maximum steady-state frequency deviation. Then, frequency restoration
controls the frequency towards its set point value by activation of FRR and replaces the activated FCR.
Finally, reserve replacement replaces the activated FRR and/or complements the FRR activation by
activation of RR. [19] also defines a fifth process, i.e., the imbalance netting process, which is designed
to reduce the amount of simultaneous and counteracting aFRR activation of different participating areas
via imbalance netting power exchange. However, this falls outside the scope of the project.
An additional service, called Fast Frequency Response (FFR), can be defined as ”the delivery of a
rapid active power increase or decrease by generation or load in a timeframe of two seconds or less, to
correct a supply-demand imbalance and assist in managing power system frequency” [20].
As the EBGL requires the harmonisation of certain balancing market processes and rules, TSOs and
other relevant stakeholders are in the process of establishing pan-European balancing platforms [19]
[17]. These platforms are:


European platform for the exchange of balancing energy from frequency restoration reserves
with automatic activation, Platform for the International Coordination of Automated Frequency
Restoration and Stable System Operation (PICASSO), for aFRR [21]. In 2018, ENTSO-E
published a first proposal for an implementation framework [22].



European platform for the exchange of balancing energy from frequency restoration reserves
with manual activation, Manually Activated Reserves Initiative (MARI), for mFRR [23]. A first
proposal was published in 2018 by ENTSO-E [24].



the European platform for the exchange of balancing energy from replacement reserves,
Trans European Replacement Reserves Exchange (TERRE), for RR [25]. ENTSO-E published a
proposal in 2018 [26].

Moreover, in 2018, ENTSO-E published a proposal for the common and harmonised rules and
processes for the procurement of FCR developed by TSOs of Austria, Belgium, Denmark, France, Germany,
the Netherlands and Switzerland [27].
Products and definitions
As mentioned in the previous section, the EBGL requires the harmonisation at European level of
certain market process and rules for balancing, and requires the definition of a set of standard products
for aFRR, mFRR and RR to be exchanged using the pan-European platforms described above.
Five products are considered within the balancing service in accordance to the description above:
FFR, FCR, aFRR, mFRR and RR.
At least the following characteristics of a standard product bid for balancing energy and balancing
capacity must be set out:


Preparation period.



Ramping period.



Full activation time.
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Minimum and maximum quantity.



Deactivation period.



Minimum and maximum duration of delivery period.



Validity period.



Mode of activation.

Additionally, at least the following variable characteristics of a standard product have to be
determined by the balancing service providers:


Price of the bid.



Divisibility.



Location.



Minimum duration between the end of deactivation period and the following activation [17].

Product attributes and values
Attributes and proposed values for each of the above-mentioned products can be found in Table 2.1
(in section 2.1.7).

2.1.2 Congestion management
Service definition and description
Congestion management refers to “any measure undertaken by system operators, regulatory
authorities or lawmakers that aims at influencing power flows in accordance with operational security
constraints” [28]. This broad definition can be narrowed down further to flows within bidding
zones/across bidding zone borders; the operational/investment time scale; and including measures
implemented by system operators only or by actors other than the system operators.
In a zonal electricity market, such as the European one, the grid is said to be uncongested when “all
physical flows that emerge as a consequence of trade between market parties in the same zone can be
transmitted through the electricity grid” [28]. In other situations, physical flows cannot be accommodated
within the operational security constraints, such as thermal limits and voltage limits of lines and other
network elements. In these situations, the grid is said to be congested [28].
Physical and operational limitations can be thermal limits of transmission lines and transformer,
voltage limitations, and transient or other stability limits. In network codes for Capacity Allocation and
Congestion Management (CACM), 3-types of congestion i.e., market, physical, and structural congestion
has been defined. A situation when cross-zonal capacity or allocation constraints limits the economic
surplus for single day-ahead or intraday coupling is termed as ‘Market congestion’. When the thermal
limits of grid elements and voltage or angle stability limits of power system are breached during
forecasted or realized power flows, it is defined as ‘Physical congestion’. ‘Structural congestion’ has been
defined as transmission system congestion that is predictable, geographically stable over time, and occurs
frequently under normal power system conditions. In electricity markets, power system congestion leads
to price split between various regions.
Solving network congestion issues helps deferring network infrastructure upgrades and related costs.
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Congestion usually happen in transmission systems however, congestion in distribution grid is also
becoming more prevalent [29]. Since the local dimension (aggregators, prosumers, storage, Distributed
Energy Resources -DER-, Electric Vehicles -EVs-…) is becoming increasingly prevalent in the energy
sector, it is expected that in a near future, Distribution System Operators (DSOs) and TSO will need to
adapt their core systems to deal together with an increasing appearance of congestions.
The congestion can be considered from the market zone perspective (between or intra zone). In this
case, the management is mainly realized in the zonal day-ahead energy market. Zonal prices are defined
in such a way that power flow according to traded energy are within allocated transmission capacities.
There are different ways in which TSOs manage congestion [30]:
1.

Redispatch: it means altering the generation and/or demand pattern in order to change
physical flows in the transmission system and relieve a physical congestion. We can include
RES curtailment here, which is a mitigation measure adopted by operators when
overgeneration or inertia shortage conditions appear.

2.

Countertrading: cross zonal exchange initiated by system operators between two bidding
zones to relieve physical congestion.

3.

Change of grid topology: normally, within one zone, congestions can be solved by changing
the topology of the grid (shape of the mesh). This happens usually at lower level lines
(150kV).

4.

Zone splitting: a more long-term solution would be the splitting of a zone into two or more
zones to solve internal congestion problems, as it has been done in Norway and later in
Sweden.

In distribution networks, the high penetration of renewable energy resources may cause over-current
or over-voltages. Active network management methods and local flexibility markets might be utilized to
reduce or eliminate the effects of congestions.
There are specific characteristics demanded from flexibility resources to address transfer capacity
(congestion) related issues. These characteristics are:


Need: short to medium term ability to transfer power between supply and demand, where
local or regional limitations may cause bottlenecks resulting in congestion costs.



Main rationale: increased utilisation levels, with increased peak demands and increased
peak supply.



Activation timescale: Minutes to several hours.

According to ENTSO-E [31], the challenges of congestion management and balancing can be resolved in
the following ways:


Technical solutions using grid assets: reconfiguration of the grid topology to alter power
flows, including reactive power flows, and achieve a more desirable system state.



Tariff solutions: the use of grid tariffs to trigger implicit flexibility that is able to react to
prices. These tariffs can take many forms and can include aspects such as time, direction,
capacity and location.



Market-based solutions: market-based activation of explicit flexibilities that are able to alter
power flows in all directions.
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Connection agreement solutions: connection agreements with certain grid users so that
they provide a certain service needed. Some requirements are defined to this respect in [4].



Rule-based solutions: rule-based curtailments as a consequence of the implementation of
technical requirements from connection codes that are available in last-resort or emergency
situations.

Products and definitions
No pan-European platforms or products currently exist for congestion management. However, in this
section, four pioneering platforms for congestion management are described (i.e., Piclo Flex, Enera,
NODES and GOPACS), followed by the congestion management products defined in two European
projects: the CoordiNet project [32] and EU-SysFlex [33] and INTERRFACE [34].
Piclo Flex
The aim of Piclo Flex is to create a marketplace that reduces entry barriers and creates a level playing
field for small-scale assets seeking to trade flexibility (generation as well as demand response) to manage
local network constraints and help defer expensive reinforcements. Currently, six DSOs in the UK are
Piclo Flex members as flexibility buyers: Scottish and Southern Electricity Networks, Electricity North
West, UK Power Networks, Northern Powergrid, SP Energy Networks and Western Power Distribution.
Flexibility sellers range from traditional demand response aggregators, operators of dispatchable
generators, battery operators and electricity suppliers, EV charging managers, community groups, local
councils to industrial and commercial customers [15] [16].
In September 2017, Piclo launched a trial of an online marketplace for local flexibility to demonstrate
that a digital procurement platform could achieve the following:


Improve transparency and visibility.



Increase participation.



Reduce the administrative costs associated with procuring flexibility.

During the trial, demand for more than 456MW of flexibility from the six flexibility buyers was
identified via its online platform [15]. Flexibility requirements are published in a standardised format on
Piclo Flex and include the following information1:

1



Power type: active/reactive.



Need type: Pre-fault/post-fault/compliance/reinforcement deferral/other2.



Need direction: generation/consumption turn up/turn down.



Connection type (kV).

https://picloflex.com/dashboard

Pre-fault means to help avoid unplanned fault conditions. Post-fault means to help with restoration
following unplanned fault conditions. Fault events offer no warning, as they result from equipment
failure. Compliance refers to planned maintenance, which are works that are focused on maintaining the
security of supply standards before reinforcement works are complete. Reinforcement deferral refers to
postponing the need in some areas for costly, traditional reinforcement. to defer long-term decisions, in
order not to have ‘stranded’ oversized grid assets in the future [6].
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Competition type3: utilisation/availability utilisation.



Availability guide price (£/MVAr/h).



Utilisation guide price (£/MVAr h).



Contract start and end.



Time and days required.



Estimated utilisation events, duration/event, hours utilisation.



Total need (MW).



Minimum aggregate asset size (MW).



Minimum run time.

Enera
Enera is a cooperation between the energy group EWE AG and the European Power Exchange EPEX
SPOT, together with the system operators Avacon Netz, EWE NETZ and TenneT, for launching a local
market platform for flexibility sources to efficiently tackle the widespread issue of grid congestion. The
goal of the cooperation is a test-case to develop scalable solutions, through a clear and transparent
market mechanism, for flexibility providers who wish to participate in market-based congestion
management. Locational orderbooks are implemented to centralize flexibility offers that can be used by
TSOs and DSOs to alleviate congestions. This initiative can then be implemented on a much larger scale
[11].
Enera is a separate platform that runs in the intraday timeframe where flexibility offers and demand
orders are continuously matched. Platform access is standardized and market parties have the option to
submit offers with the same underlying asset for the different markets which can differ in price. The
flexibility providers are responsible for avoiding double activation [16].
NODES
NODES is a joint venture between the Norwegian utility Agder Energi and the European power
exchange Nord Pool. It is a universal platform for local, flexible electricity markets with features allowing
for connecting to other markets. The objective of NODES is “to facilitate trade in flexibility, with an
attention to the:


Localisation of the asset and



Ability of end users and suppliers to deviate from previous plans” [14].

NODES is integrated into the existing sequence of markets, because it is an intraday platform where
network operators source their flexibility offers on the same platform as market Balance Responsible
Parties (BRPs) and because the flexibility provided on the NODES platform, but which is not needed
locally, is envisioned to be forwarded to other market platforms, i.e. the cross-zonal intraday and
balancing market [14] [16].
An example of a use case is the use of flexibility through NODES as an alternative to curtailing
renewable wind production in the redispatch process, by using the flexibility of a nearby industrial

3 Competition type refers to the type of product that is requested: utilization is equivalent to an energy
product, while availability utilization is more equivalent to a capacity product.
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facility to absorb the excess wind power [14]. This case is being tested in the German DSO Mitnetz grid
area.
The product parameters in NODES for a flexibility offer include order, location, time, profile and
availability parameters [14].
GOPACS
The Grid Operators Platform for Congestion Solutions (GOPACS) in the Netherlands aims to mitigate
congestion in the grid in an efficient way. The collaboration also prevents an action performed by one grid
operator from aggravating another grid operator’s problem. GOPACS is not a market platform, but it uses
orders on existing electricity market platforms. Currently, GOPACS is only connected for intraday trade to
the Energy Trading Platform Amsterdam (ETPA) but connections with other markets are envisioned.
If there is a threat of congestion somewhere, market messages are sent via GOPACS, stating that
orders are requested for specific areas and for a specific period, if these are not yet available. Every order
has to include locational data for GOPACS to be able to use it. GOPACS quickly calculates if the order
solves the congestion situation or if it aggravates congestion elsewhere in the electricity grid. In the event
of a price difference between the buy order and a sell order, the grid operators pay the price difference,
bringing about a match between the orders on the market platform and solving the congestion [12].
Flexibility providers have the option to offer the same flexibility at two different prices by placing two
orders, e.g. one portfolio offer for the intraday wholesale and a second offer with locational information.
The flexibility provider is responsible for avoiding double activations. How GOPACS will connect the
cross-zonal intraday markets and balancing markets still needs to be seen [16].
GOPACS uses the intraday congestion spreads (IDCONS) product. More information on product
specifications can be found in [13].
European projects
The CoordiNet project defined two products for congestion management [32]:


Congestion management reserved: defined to cope with structural constraints, this product
is capacity-based and procured for congestion management services at a certain availability
price, which is then activated when the service is needed and called upon by the relevant
system operator.



Congestion management non-reserved: defined to cope with sporadic constraints, this
product is energy-based and procured for congestion management services at an energy price
(most likely to be procured closer to delivery, given the fact that it is energy based).

EU-SysFlex proposes three congestion management products [33]:


Long-term product: a capacity and energy product with a long lead time for dealing with
regular or permanent congestion. It is used to mitigate structural congestion, relied upon as
part of the planning process, used as an alternative to network upgrades, changes in demand
levels and increased RES penetration.



Slow product: a capacity and/or energy product for dealing with predictable/forecastable
congestion. It is used to deal with congestions caused by high-levels of variable renewable
generation output, to minimise curtailment.
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Fast product: a capacity and/or energy emergency congestion management product. It is
used to mitigate congestions that are caused by faults and associated remedial actions.

INTERRFACE project presents some new and existing congestion products [34], among them the new
services are extracted in the list below:


Congestion management operational: this is a product to support network congestion
management once the operational limits of network assets and voltage or angle stability
limits of the power system are violated. It operates within market time units.



Congestion management in short-term planning: it considers the physical congestion that
it is activated day-ahead and could be procured from day-ahead to month-ahead.



Congestion management long-term planning: location-specific flexibility assets are being
activated for shaving and shifting peak demand and production, in order to compensate for
the lack of network connections, loads or production units mainly in the distribution network.

Product attributes and values
The product attributes and values defined in the CoordiNet project are presented in Table 2.1. (in
section 2.1.7). EU-SysFlex does not propose specific attribute values, however, they show the attribute
values for the two products proposed in Estonia for congestion management (fast and slow). These values
are also shown in Table 2.1. INTERRFACE does not propose either specific attribute values but it
describes the process and methods used.

2.1.3 Voltage control
Service definition and description
To limit losses on the transmission of electrical power, the voltage level must be as high as possible,
while the current must be as low as possible. This must take place within the limits imposed by the grid
and taking into account the voltage limitations of each node. Therefore, the voltage in the grid cannot
exceed a certain level locally [35].
According to the European Commission [36], “voltage control means the manual or automatic control
actions at the generation node, at the end nodes of the AC lines or High Voltage DC (HVDC) systems, on
transformers, or other means, designed to maintain the set voltage level or the set value of reactive
power”.
The system operator of the Ontario region in Canada (IESO) states that voltage control is an integral
part of power system operation and that controlling voltages in the power system allows for the efficient
transmission of power, whilst respecting equipment limitations [37]. Contrary to the frequency, which is
a system wide variable influenced by active power balance and can be managed at wide area level, the
voltage is specific of every node of the system and it is affected by the reactive power balance. Voltage
control is implemented by controlling the injection of reactive power in the power system and for this
purpose automatic voltage regulators, static VAR compensators, capacitor banks, and reactors are
deployed. As it is difficult to transmit reactive power, it is important to control the voltage locally. In view
of this limitation, it is very crucial that voltage control equipment is located at critical locations. Currently,
capacities of production or absorption of reactive power by generation units are some of the main
contributors to reactive power management [35].
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Ensuring adequate volume and time response of remedial actions to keep voltage within the limits in
its control area is one of the tasks of TSO. Thus, a TSO must ensure that sufficient reactive power
regulating capacity is available, and this capacity can be activated when needed. The regulating actions to
control voltage level can be tap change of power transformer or switching of capacitors/reactors or
control of HVDC systems or change in reactive power output of generators, etc. The voltage or reactive
control service can be split into two hierarchical levels i.e., local and centralized control.


Local control: it is an automatic control, in which the participating devices adjust their
reactive power to maintain a constant voltage value at a local measurement point. The local
voltage control service is activated within a few seconds to voltage profile.



Centralized control: it is a national/utility level manual voltage control that is activated on
the request of the TSO by the control service provider. This control is aimed at optimizing the
set points of pilot nodes based on centralized power flow studies. Centralized control
manages the reactive power in the system so as to minimize system losses, increase dispatch
control efficiency, coordinate reactive power resources in real time in normal grid operation
and recover the voltage level deviation.

In some countries, for example France, voltage control is implemented in three hierarchical levels i.e.,
primary, secondary, and tertiary control. Primary control is activated locally and is activated
automatically. Secondary control is an automatic control and controls the voltage at main transmission
buses. Tertiary control is activated manually at utility level after power flow analysis to free reactive
power reserves.
[35] conducted an EU Benchmark study on the contracting of reactive power, which showed that:


There is a trend towards mandatory provision of MVAr ancillary services for generators.



Generally speaking, there are no tenders unless for voluntary provision to cover specific,
additional needs.



There are default bilateral contracts for the lifetime duration of the unit between the TSO and
the generators.

Only in Belgium and in the Netherlands (partially), generators are not obliged to offer the service to
the TSO and consequently Elia and Tennet NL organize yearly tenders [35]. According to [38], voltage
support should be reimbursed with a fee that is fixed by a competitive process, irrespective of whether
this organized in a regular bidding process or an auctioning arrangement, or of whether the contracting is
done for short time horizons, like days to month, or for longer time horizons, up to several years. A
tendering or auctioning process is advisable, involving the following steps:


The need for reactive power is analysed and studied by the network operator (TSO/DSO) and
a forecast for future locational needs is established.



Based on the investigation, a tender for reactive power within a certain perimeter is
published, or an auctioning system is started, to receive the lowest cost reactive power
provision.



The best offer (or best offers) is awarded with a fixed reimbursement for the reactive power
provided to the system and a minimum off-take guarantee to ensure investments security.
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Even if voltage control is normally considered at system level, i.e. with the focus on the transmission
networks, voltage control can also be considered in distribution grids. In distribution, the voltage profile
needs to be maintained within contractual or regulatory limits [2]. In lower voltage networks, normally
characterized by more resistive lines, active power is also used to control voltage, together with reactive
power.
Flexibility resources providing voltage support are characterized as:


Need: short term ability to keep the bus voltages within predefined limits, a local and regional
requirement.



Main rationale: increased amount of distributed power generation in the distribution
systems, resulting in bidirectional power flows and increased variance of operating scenarios.



Activation timescale: seconds to tens of minutes.

Products and definitions
Currently, there are no initiatives to streamline voltage control products on a European level.
Therefore, we focus on the reactive power products defined by the CoordiNet and EU-SysFlex projects to
cover the dynamic requirements for reactive power [32] [33]:


Steady-state reactive power for voltage control during normal system operation



Dynamic reactive power for voltage control during a system disturbance

The steady-state reactive power product aims at providing means to control voltage under normal
operation of the system. The product keeps the voltage profile within the safe range. Its provision takes
place by injecting or absorbing reactive power according to a voltage set point (measured at the injection
point) set by the system operator. Only units that are able to be controlled for the provision of reactive
power in function of grid voltage are able to participate [32].
The dynamic reactive power product aims at providing means to control voltage under system
disturbance. The dynamic reactive power product consists of a punctual regulation of reactive power
injection or absorption requested by the system operator. Participation is open to all technologies capable
of following the request within specified time scales. In this regard, non-synchronous generators, static
compensators and static VAR compensators among others can participate, provided they are controlled
carefully to support voltage recovery [32].
While the CoordiNet project proposes values for the attributes of the proposed products, EU-SysFlex
provides an overview of existing and envisioned reactive power products in Europe. Therefore, in Table
2.1., we show the CoordiNet products proposals as well as a summary of the values collected by EUSysFlex.
Product attributes and values
The product attributes and their values can be found in Table 2.1. (in section 2.1.7).
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2.1.4 Controlled islanding
Service definition and description
[39] define controlled islanding as “the limiting of the occurrence and consequences of blackouts by
splitting the power system into a group of smaller, stable, and sustainable subsystems, also called
islands”. This action has been proposed as an effective corrective control action of final resort to save the
system from a partial or a complete blackout [39]. Moreover, controlled islanding can also be applied in
the case of planned maintenance of grid elements [32]. In case of detection of events that may lead to a
disturbance, signals are sent for the formation of the preselected islands in order to [32]:


Create a balance between the load and generation before the isolation from the system.



Isolate the island from the system.

According to [32], the difference between controlled islanding and traditional remedial action
schemes is that the former does not monitor the state of specific transmission lines and generating
facilities, but rather looks at the system topology and the loads and generation in areas of the power
system. Based on optimization procedures, which consider the known topology and the actual state of the
grids, the size of the island and the isolation points are selected. The basis for islanding is not standard
but rather depends on the nature of the grid under consideration. Moreover, controlled islanding can be
implemented either at the transmission or at the local level, ranging from substations to distribution
feeders.
Products and definitions
Following [32], specific products for this service are not defined, because the services needed during
the operation of the island would primarily be balancing and voltage control. Moreover, [32] assume that
capacity would be procured long term ahead, as it is the case for black-start.
Product attributes and values
Not applicable.

2.1.5 Black-start
Service definition and description
Most generators must be “plugged in” to get started, meaning that they require power from the grid in
order to start producing power. However, in the unlikely event of a partial or total system failure, a large
part of the grid could be shut down. This means that most of the generators connected to that grid cannot
be deployed to start the grid again. Therefore, generators possessing “black-start” capability are needed
to restore power supply [40].
Aside from the ability to restart without an external power supply, a black-start generator should have
the capability to provide both dynamic frequency and voltage control to alleviate large fluctuations
typically expected during system restoration periods. It should also be able to manage the reactive power
requirements involved in charging and energising the transmission network [41].
For the execution of the restoration plan, the control area is divided in different zones, the so-called
zonal approach. A spread of black-start providers needs to be executed across the system, so multiple
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areas can be restored at the same time. Then, increasing levels of power are restored as non-black-start
providers start-up and begin to supply energy to the system. Hence, the black-start service provided is
linked to a certain zone and locational information is needed [32] [41].
Products and definitions
Even if a EU level regulation exist on how to manage emergency, blackout and restoration states by
TSOs [42], overall, there is no commonly agreed market approach among European TSOs for procuring
restoration services [32].
It could be argued that black-start capability should be either grid-code mandated and/or contracted
on a unit by unit base, as it is such a crucial capability and there are very limited resources that possess
this ability [33]. Indeed, the nature of the product does in general lead to low competition, a focus on
long-term contracts, and a restoration approach reflecting the risk aversion of the TSOs with respect to
the undertaken measures for system restoration. Consequently, the specific design of the black start
service and related products can be country-specific [32].
A market-based approach for black-start has the intention to attract providers and technologies other
than the current ones, with capacity contracted long term ahead (e.g. year-ahead) and payment for
activation optional [32].
Product attributes and values
Given the peculiar service to be provided by the product, specific technical requirements are
applicable [32]. Refer to Table 2.1. (in section 2.1.7) for specific attributes and values.

2.1.6 Inertial response
Service definition and description
“Synchronous inertia characterizes the ability of a power system to oppose changes in electric
frequency after large and sudden changes in active power production or consumption” [43]. Inertial
response means that, when an active power unbalance occurs, the grid frequency starts to drop and, in
the first seconds after the unbalance started, synchronous generators release their stored kinetic energy
into the grid. For a given value of unbalance, a higher system inertia results in lower values of initial rate
of change of frequency (RoCoF), which allows slower actions to catch up and contribute to frequency
stabilization before critical values of frequency are reached [44].
Inertia is provided to the system by the rotating parts of synchronous machines. Electricity generation
technologies connected to the power system employing power electronic converters are electrically
decoupled from the grid and, thus, do not naturally contribute to system (physical) inertia [32].
Therefore, increasing penetration of variable non-synchronous and inverter-based generation resources
(e.g., wind, solar, batteries) could potentially reduce system inertia resulting in large frequency excursion
and excessive RoCoF [43].
Products and definitions
According to [32], given the peculiar service to be provided by the product, specific technical
requirements are applicable.
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Product attributes and values
Generic product characteristics are not valid. Nevertheless, the characteristics can be found Table 2.1.
(in section 2.1.7), based on [45] [46].

2.1.7 Summary of system service attributes
Some of the services’ attributes analysed in the present section are summarized in the next table.
The superscripts in Table 2.1 link to the following references: 1 [20], 2 [32], 3 [47], 4 [27], 5 [22], 6 [24], 7
[26], 8 [35], 9 [46], 10 [45], 11 [33], 12 [48].
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Table 2.1. – Services attributes
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2.2 Services for generators
In this case, the storage is connected to the same electrical installation as the generation plant or
device, so that it can modify its power output to obtain higher benefits or to meet regulation
requirements.
Local regulation should be checked to confirm that the connection of storage to a generation plant is
permitted and to get knowledge about the terms that apply to the energy supplied by this type of systems,
if any important singularities exist.
A first general description of services is provided below on storage applications for generators.

2.2.1 Arbitrage or energy sale management
This is the operation strategy that seeks to advance of the variation of electricity prices in the
wholesale market. The basic concept is to charge the storage when electricity prices are low, and
discharge it when prices are high, to obtain higher production in during these periods [2].
The optimization of the use of the storage, considering power, energy and lifetime, can be made on
daily basis, based on day-ahead price information, or at longer term if price evolution can be guessed in
advance with certain certainty (generally, few days, for example based on weather/temperature
forecasts).

2.2.2 Electricity supply capacity
This strategy consists in using the storage to provide an additional generation peak capacity to the
power plant, to face some high demand situations [2]. This is normally linked to generation plants in
isolated grids/microgrids.

2.2.3 Support to generation
It is related to the optimization of conventional or RES generation plants through [2]:


Generator bridging: the storage provides the energy that the load requires in the period
between the shutting down of a generation unit and the start-up of a new one. Here, it is also
included the case when the load is low and, to avoid stopping the generator, the storage is
charged.



Generator ramping: the storage picks up fast load variations to give a specific generator the
time to ramp up/down its production level in accordance to its technical specifications.



Hedging imbalance: the storage helps reduce the charges linked to production deviations,
when dispatch commitments cannot be met.



Ancillary services RES support: the storage is used to help renewable power plants provide
ancillary services by keeping some reserve power.



RES ramping margin: storage is used to smooth RES output ramps.

2.2.4 Capacity firming
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This operation strategy seeks to stabilize the fast and hard to predict production of RES during a
period of time [2].
The storage is normally charged during hours of peak production and it is discharged to supplement
generation when generator reduces its output expected or unexpectedly.
RES smoothing is also included under this concept. It refers to balancing short duration variability of
wind and solar resources, because of a change in wind speed or in the irradiation (e.g. because of shade
caused by clouds).

2.2.5 Curtailment reduction
In this case, the storage is charged when the electricity generated by renewable plants cannot be
injected into electricity grid [2]. This could happen because of a punctual transmission contingency or
because there is a production cap linked to the power plant connection node.
In this case, the stored energy could be either injected to the network later on or it could be converted
into another energy vector (gas, fuel or heat) to be delivered to a different power network or to an
associated industrial process [2].

2.2.6 Limitation of disturbances
Storage can be used to limit the disturbances caused by distributed RES (wind or PV). Two time
frames can be considered [2]:


Short duration disturbances:
o

Reduce output variability, lasting from seconds to a few minutes.

o

Improve power quality: reactive power, harmonics, voltage flicker, transmission line
protection, transient stability, dynamic stability, and system voltage stability.



Long duration disturbances:
o

Reduce output variability, from several minutes to few hours.

o

Transmission congestion support.

o

Backup for unexpected generation reduction.

o

Reduce minimum load situations.

2.3 Services for consumers
Here, we focus on storage connected behind the customer’s meter.
The objective of the customers either industrial, commercial or residential is, normally, to reduce the
electricity costs, to improve the quality of supply, or both.
A first general description of services is provided below on storage applications for customers.

2.3.1 End-user peak shaving
The storage is used by end customers to reduce their peak demand and, therefore, their electricity bill
[2].
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The electricity bill is normally linked to both the energy consumption and the demanded power. The
latter can affect both the electricity production price and the connection fee terms. Depending on the
tariff design, the power related terms of the invoice can depend on a contracted power (normally,
controlled by a power limiter installed in the electrical circuit) or on the maximum demanded power in
an invoicing period, for example.
Therefore, peak shaving can reduce the electricity cost of a client substantially, which, in the case of an
industrial or commercial customer, has a direct impact in the economic results of a business.
Some demand response strategies run by system operators, suppliers or demand aggregators,
penalize the use of energy during events associated to network stress periods. Peak shaving could also be
used to meet system operator requirements during these situations.

2.3.2 Time of use energy price management
The final objective is to reduce electricity costs but, in this case, cutting down the energy terms of the
invoice, in contrast to the previous peak shaving strategy. Both strategies are complementary, and they
serve the same purpose: reduce electricity costs.
When the electricity tariff has variable prices depending on the consumption period (time base tariff
or dynamic pricing, see next section 3.1), the storage can be charged during low price periods and
discharged during high price periods, to avoid consuming high price electricity from the network.

2.3.3 Particular requirements in power quality and continuity of supply
For those customers requiring power quality levels above network standards, storage can be used to
protect the whole installation or some critical loads, for example, by [2]


Energy backup: providing energy to some asset.



Disturbance limiter: disturbances coming from the network can be limited or filtered.

The storage could also substitute entirely the network in case of blackout through the use of
Uninterruptible Power Sources (UPS).

2.3.4 Maximising self-production and self-consumption
It is the strategy followed by the storage when local generation is available at consumer facilities and
electricity prices are high. The objective is to reduce electricity consumption from the network and to
maximise the use of locally produced energy. A common example is the case of the combination of PV
installations with batteries [2].

2.3.5 Demand charge management
It is the use of energy storage to reduce electricity costs by reducing demand charges during peak
periods specified by the utility [2], for example, linked to variable price periods under Critical Peak
Pricing schemes (see section 3.1).

2.3.6 Compensation of reactive power
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Normally, customers are requested to consume no reactive energy but, depending on the loads
connected to their facilities, this is not possible. In some cases, charges are applied when the power factor
deviates significantly from unity (meaning reactive power consumption). In other cases, incentives are
provided when reactive energy is supplied to the network since it compensates the demand of other
consumers and supports the voltage locally.
Storage connected via specific power converters can provide reactive energy when requested to
contribute to the network and, as consequence, it can avoid charges or obtain incentives for doing so. It
must be considered that when reactive energy is provided, the available active power of the storage
system reduces.

2.3.7 Electric Vehicles (EV) integration
In principle, EVs with vehicle to grid (V2G) functionalities could provide the same services as other
storage systems. They can be connected at customer facilities individually or aggregated in car parks, for
example.
However, it must be considered that the provision of services to the grid implies an additional number
of working cycles for the battery and, therefore, reduces its lifetime for its original purpose, i.e. to feed the
vehicle drive.
Today, not many commercial EVs in Europe have implemented this V2G functionality. Anyway, if on
the one hand ‘bi-directional’ energy exchange capabilities are yet to be enabled on EVs, on the other hand
‘smart charging’ functionalities, i.e., a monodirectional recharge power modulation, are achievable even
by current EVs and could represent a first path for EVs to offer flexibility to the system.

2.4 Expected evolution of services
It is not easy to say how the previously reviewed services and flexibility resource’s operation
strategies will evolve in the future, in order to create scenarios for 2030/2040/2050, as input for the
FlexPlan project studies. Some references have been used as inspiration to provide some clues on this
issue.
One of the ways to assess how flexibility resources will be used in the future is to analyse how power
systems will change. In [49], a comparison between current and future systems is provided.
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Figure 2.2 – Current vs. future energy system [49]

Especially, distribution networks will need to evolve to meet all these new challenges and the role of
the DSO will change accordingly. According to the industry [49], in the future, DSOs will:


Manage and coordinate distributed generation at the local distribution level.



Act as neutral facilitator of open markets.



Enable easy access to the transmission and distribution networks.

According to the same reference [49], new functions of DSOs will be developed in the areas of system
operation, network planning, asset management, system management, flexibility management and
commercial operations.
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Figure 2.3 – Future capabilities of DSOs [49]

These foreseen changes require an evolution on the TSO-DSO interaction. The European Technology
and Innovation Platform (ETIP) in its Research and Innovation (R&I) Roadmap 2017-2026 [50] for Smart
Networks for Energy Transition foresees that TSOs will be responsible for the overall system reliability,
while DSOs will keep managing congestions in their local grids with the request/requirement to
coordinate the real-time congestion management between TSOs and DSOs.
Also, EDSO4SG states that DSOs should be allowed to procure system flexibility services not only
through market-based solution. In contrast, EDSO advocates for DSOs to deploy, own and operate gridscale assets for technical operation purposes only.
Reference [51] commonly developed by CEDEC (the European Federation of Local Energy Companies),
EDSO for smart grids, ENTSO-E, EURELECTRIC and GEODE (association for European independent
distribution companies of gas and electricity) highlights different views of TSOs and DSOs in terms of
balancing actions. DSOs agree that some balancing actions can be devoted to them to procure balancing
services on their network to support TSOs, while TSOs argue that balancing should be managed on a
wider scale because local balancing cannot ensure overall optimisation of the system balancing.
Similarly, to the previous reference, [52] is a cooperation document between ENTSO-E, Eurelectric,
EDSO, CEDEC and Geode and specifies that TSOs and DSOs are responsible for congestion management in
their grids respectively. However, the cooperating parties in the joint document do not take any specific
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position related to how solutions can be implemented. The document says that procedures for congestion
management at distribution level should be developed and integrated with other market aspects of the
current markets design at that level. They suggest that DSOs and TSOs could investigate possible options
for coordinating the use of flexible resources across both grids.
Summarising the above-mentioned, the overall impression is that even when DSOs may take local
responsibility for congestion management or/and voltage regulation, these are not intended to cope with
balancing, which will remain under TSOs’ responsibility. In this sense, SmartNet solutions provide a
gradual and modular approach to the implementation of congestion management that fits the different
stages of national markets.
The need of a regulatory framework evolution is also addressed in [49], including :


Further definition of the DSO role.



Customer protection.



Enabling investors to get a fair return.



Enabling DSOs to act flexibly and respond to changes.



Rewarding innovation by DSOs.



Defining the optimum allocation of risks.



Creating a level playing field between all market players.



Enabling market intermediaries to act on behalf of customers.

Regarding the possible evolution of electricity markets, Nordic TSOs expect that [53]:


Trading in short-term markets will increase in the future.



Higher coordination will be necessary at EU level in the allocation of transmission capacity
(several EU wide and regional platforms are already being established).



A new capacity allocation model that takes into account effectively grid constraints and the
location of production and demand offers should be considered.



A possible timeline towards real-time trading until 2030 is proposed. See next figure, where
darker colours indicate already planned activities by Nordic TSOs and lighter colours
indicated new possible approaches.
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FRR: Frequency Restoration Reserves (m: manual, a: automatic).
CNTC: Coordinated Net Transmission Capacity (capacity calculation methodology).
FB: Flow-Based method (capacity calculation methodology).
DA: Day – Ahead.
ID: Intra-day.
ISP: Imbalance Settlement Period.
Figure 2.4 – Markets evolution prevision by Nordic TSOs [53]

Regarding market platforms, several future alternatives are considered in [53]:


In the medium term, a hybrid solution, combining continuous trading (orders executed on a
“first come, first served” principle) and auctions orders, may be used. Or markets may return
to continuous trading. Or a new structure (e.g. continuous mini auctions) might be
established.



In the longer term, markets and products might be more integrated, including a collective
optimization of market results, including day-ahead, intraday and balancing. In this case,
auction model for the matching could be a possible solution.



New solutions could also arise, e.g., robotic trade based on decentralised matching or rolling
timeframe.

Regarding the use of flexibility to solve market congestions in distribution grids, [53]:


Coordinated access mechanisms to flexibility resources are needed. Flexibility markets could
permit this, so resources can be used either by DSOs or TSOs.



The provision of ancillary services to TSOs and DSOs might require new market platforms,
including additional information like location and ramp rates.

According to [53], fluctuations in power flows will introduce changes in the location of congestions.
These fluctuations might require changes in the capacity calculation and capacity allocation model:


In accordance to the EU guideline on capacity allocation and congestion management [54], the
Flow Based (FB) approach is the target capacity calculation for the intraday timeframe. For an
interim period, the Coordinated Net Transmission Capacity (CNTC) methodology is applied.
However, the FB might not solve efficiently the congestion management in the grid when the
location of congestions changes frequently.
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A new approach of capacity allocation would provide a more accurate calculation of power
flows, if grid topology and parameters would be considered. This would also permit to take
into account grid losses and the location of generation and consumption. This more accurate
model would require bids to be placed with locational information (node level).



Nodal modelling permits to observe market constraints during market clearing, however, a
transition to this model involves complexity and high costs. Alternative options could be:
o

To use the nodal model only in those bidding zones where grid constraints limit the
trading.

o

To use a zonal model with smaller bidding zones.

o

To use a nodal model for balancing markets, while using a zonal model for day-ahead
and intraday markets.



The pricing model, either nodal or zonal pricing, should be carefully designed to ensure
proper incentives (and, for example, to avoid gaming).



By year 2030-2035 the common transmission capacity management could cover all
timeframes, from day-ahead until real time operation.

The ENTSO-E – EDSO report [31], in relation with congestion management, recommends that
intrazonal congestion management process details should be established and implemented on a regional
level. Some general recommendations are the following:


TSOs and DSOs should optimise their processes and actions in collaboration.



There should be an incentive for market parties to provide good schedules, with relevant
locational information.



System operators should properly communicate their needs in the different time frames.



Information on pre-qualified flexibility resources should be shared and available for TSOs and
DSOs.

Market timeframes are also considered in [53]. Forecasting wind and solar production becomes
more accurate when close to real time. This might cause that short term markets will be used to adjust
day-ahead forecasts. Introduction of the 15 minute imbalance settlement period and 15 minute products
in the short term markets could help customers to balance better. If experiences with these period and
products result positive, it could be studied whether it would be beneficial to move towards shorter time
intervals, e.g. 5 minutes.
National Grid, the TSO in the UK, has also the ambition of reforming balancing services through [55]:


Close to real-time auctions.



Long-term tenders.



New active power products.

A survey conducted by National Grid on new service design provided the following main results [55]:


The new services will replace the current but there will still be a need for slower response
services that are potentially similar to FRR.



Real-time performance monitoring will be required.



The new services address the need for continuous regulation, occasional balancing support
and event-based containment.
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Even if the reduction of system inertia is a concern, it remains under consideration whether it
would be appropriate to devote a specific service for it.

In the EPRI use case repository [56] and ELECTRA IRP WP 4 [57], several voltage control related use
cases are proposed, some of which may be applicable in the future. They are summarized in the following
table.
Use case

Resource

Integrated Volt
VAR Control
Centralized

Centralized Volt-VAR
Controller (VVC)

Integrated Volt
VAR Control
Decentralized

Decentralized Volt-VAR
Controller (VVC)

Methodology for
Volt/Var
Optimization on
a Substation
Basis
Voltage
Regulation

VVO on substation basis

Volt VAR
Optimization
Primary Voltage
Control (PVC)

Capacitor bank control

DER Controller.
Voltage sensors

Generating units equipped
with Automatic Voltage
Controller (AVC), or other
energy sources (PV, wind,
…) with power electronics
and control functionalities

Post-Primary
Voltage Control
(PVC)

Setting point
decision
(centralized/
distributed)
Centralized.
VVC can only
perform commands
controlled by the DSCADA system
Distributed.
VVC in standalone
mode. Interacts with
the distribution RTU.
Distributed.

Activation time
(real-time/
certain
interval)
n/a

Setting point
decision
(optimization/
rule based)
Rule based

[56]

Real-time

Optimization

[56]

Real-time

Rule based

[56]

Centralized (DER
Controller)
(set point in voltage
sensors at critical
points, monitoring
system voltage)
n/a

Real-time

Optimization

[56]

Real-time

Optimization

[56]

Centralized (from
PPVC)

Real-time

n/a

[57]

Centralized

Both

Optimized

[57]

Table 2.2. – Voltage control use cases
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3 Demand Response strategies characterization
According to [3], Demand Response (DR) is the adjustment of electrical load operations to provide
grid services. It can also be referred as a set of strategies involving end-users in energy management, with
the final general objective of making them aware of the link between electricity consumption behaviour
and impact on the environment [58].
As reflected in EU regulation [4], demand response is not a “single homogeneous resource but rather
the ability of many kinds of electrical loads to adjust their operations to perform various grid services”
[3]. This represents both and advantage and a disadvantage [3]:


Advantage: several flexibility needs at different time scales can be addressed because of the
heterogeneity of the resource.



Disadvantage: it is challenging to reliably estimate the technical and economic potential of the
resource.

The next figure summarizes some of the services that DR can provide to the electricity system [3]. All
of them been described in the previous section, either under the same or different name:

Figure 3.1 – Services provided by DR [3]

Even if some strategies have been used in most of the countries, e.g. interruptible load tariffs, night
tariffs, etc., DR has been more widely deployed in countries such as the USA. This is linked to the
characteristics of some US state networks, with high growth rates, stressed in terms of capacity and with
clean energy goals. In this framework, DR has turned out an efficient and less capital intensive solution
for network operation and planning [3].
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The following figure shows the projected demand response capacity increase in the world until 2023,
by Feldman and Lockhart (2014) [3].

Figure 3.2 – Projected DR capacity until 2023 [3]

3.1 Demand Response programmes characterization
Several DR strategies’ classifications exist and some examples can be found in [59] [5] [3] [58] [60].
The last two references will be followed below.
The role of DR is changing because of experience gathering, technological improvements and power
markets evolution. Historically, DR has supported peak load management, specifically, load reduction
during contingency events. However, today, DR is already providing additional system services for
energy, capacity and ancillaries. It addresses not only congestion related problems, but also the ageing of
network infrastructure and the increasing share of variable generation. In the future, it is expected that
these solutions, already deployed in specific grids, will be expanded both geographically and in terms of
types of services [3].
Depending on the context, DR programmes may be implemented in all kind of electricity markets [3]:


Wholesale markets: normally, for big size commercial and industrial customers, which are
allowed to participate in this type of markets.



o

Electricity energy markets: day-ahead and intraday markets.

o

Ancillary services markets.

o

Capacity markets: capacity payments for being available for curtailment on request.

Retail markets: normally, for small customers or in countries that have not implemented DR
in wholesale markets.

Below, DR programmes are analysed more in detail in the framework of these markets, following [3].
Large commercial and industrial customers might be able to participate bidding their load directly in
wholesale energy markets. In general, consumers that require high amounts of electricity are optimum
targets for DR strategies, since:


A small number of customers is able to provide high flexibility levels to the electrical system.



Energy costs impact directly on their economic results, so electricity bill reduction is
normally a target for businesses [58].

The rules for demand bidding in energy markets vary from market to market. Aspects such as
minimum size, participation costs, or type of market in which demand is allowed to participate depend on
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the specific market structure. In the USA [3], in some networks demand resource bidding is restricted to
day-ahead markets, in others they can participate in both day-ahead and intraday markets. The
Independent System Operator (ISO) from New England, for example, permits demand response resources
to place load reduction bids in response to day-ahead locational prices (i.e., they have no effect on this
prices), but deviations are calculated in accordance to real time prices (impact on real-time load forecast).
Currently, some experiences show that demand bidding in energy markets is not the primary driver of
DR, but a complement to other DR services [3].
Several wholesale electricity markets allow DR resources to participate in the provision of ancillary
services, competing with supply-side resources to provide contingency and balancing services. For
example, in the ERCOT market (Texas, USA), demand response represents a 50% of the spinning reserves
(maximum amount allowed by market rules) [3].
The compensation type received by DR resources depends on the market and the service they offer. In
some cases, it includes a capacity payment, for availability, plus a service payment, when they are
requested to provide the service. The application of penalties for deviations from commitments also
depend on the service definition.
Sometimes, under-frequency load shedding is included as ancillary service, similarly to generator
governor control related services (for example, primary frequency response), but this cannot be really
considered as a market dispatch strategy [3].
In general, DR resources in USA provide services closer to spinning contingency reserve than to
regulation reserves [3].
The main role of DR in wholesale markets is as a capacity resource. Some capacity markets hold
auctions that allow DR participation. DR resources receive capacity payments for being available for
curtailment on request. The following figure summarises various capacity markets in the USA and UK.

Figure 3.3 – Demand Response participation in different capacity markets [3]

In Europe, they are not common but, for example, capacity market mechanisms have existed in
Norway for 15 years, approximately, and in the Nordic market since around 2016, for regulating power.
Most countries, at least in Europe, operate wholesale electricity markets, but for small customers it is
harder to participate directly in them, because of minimum size requirements or because of the requested
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participation fee. For these customers, electricity suppliers incentivise demand response through
different products in the frame of retail markets.
Time-base tariffs and dynamic pricing programmes are the most spread for small size customers.
The following are the most common schemes [58]:


Time of Use (TOU) pricing: they define a systematic variation of prices, which reflects the
average cost of electricity in certain periods. The supplier may offer the electricity at different
fixed rates depending on the consumption period of the day, week, season/year:
o

Day: it is normally divided in two or three periods (peak - off-peak; peak – off-peak –
shoulder).

o

Week: it is normally divided in weekend/non-labour days and working days.

o

Season/year: winter of summer days may have higher rates than other season days,
electricity in the month of august might be cheaper in some countries, the type of day
might be defined day-ahead…



Critical Peak Pricing (CPP): this is a high price tariff superimposed to a TOU tariff, aiming at
demand reduction during expected large demand or low capacity situations in the network.
CPP rates are triggered day-ahead normally (relatively short-notice) and for a limited number
of days/hours per year. There are different possible types:
o

Added to TOU or non-TOU tariffs.

o

Variable CPP: multiple critical prices are pre-established (on-peak, critical high,
critical emergency), and applied to critical day in accordance to actual market
conditions.

o

Critical Peak-Rebate (CPR): the choice of responding to a critical event is voluntary.
Customers are offered the possibility to earn rebates for the amount of energy
reduced, e.g. below the Customer Baseline Load (CBL), during critical peak periods.



Real-time pricing (RTP): tariffs are related to the wholesale market electricity prices and
intervals. The price charged to customers might be calculated in different ways:
o

Market price plus fixed cost per kWh (adder).

o

Market price plus fixed cost per month (RTP programme cost).

o

Load variations from the CBL are billed at wholesale market prices and they become
charges or credits to the standard tariff bill.

o

Electricity is purchased in a fixed block (time and quantity) at a fixed price. Demand
out of the block is billed at market price plus an adder.

o

Fixed price during peak hours and variable price during off-peak hours.

o

Consumers designate a market exposure percentage, based on a percentage of their
consumption.

o

Variable Peak Pricing (VPP) [3]: the on-peak periods vary based on the wholesale
market prices or system lambdas.

Protection products might be offered by suppliers, such as: price caps (maximum RTP price),
collars (cap and floor on the RTP price over a specific time period), contract for differences
(fixed price guarantee for the average RTP price over a specific time period)…
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Other ways for utilities to obtain demand response services through retail markets are direct load
control and indirect load control programmes.
Indirect load control programmes consist of different strategies that imply that customers change
their consumption upon request of the system operator, supplier or DR aggregator. Some characteristics
of the indirect load control are the following [58]:


They can be voluntary or mandatory: normally, mandatory markets involve a penalty to the
customer when demand reduction is not accomplished and, therefore, they have a higher
response rate compared to voluntary programmes. However, the incentives are normally
lower, or non-existent, in the voluntary schemes compared to mandatory schemes.



Customers receive incentives for reducing or curtailing their load when asked to do so. They
can be monetary (at fixed or variable rates) or non-monetary (e.g. exemption from rotating
outages).



Participants are asked to reduce their active load to a predetermined value, in a defined
percentage or a minimum amount. Consumers may also choose to submit their load reduction
commitments for a period.



Interruption events might be limited in number and hours: per day, per month, per year.



Reduction must come after a specified time after notification. Normally, the shorter the
response time, the higher the incentive: 15 min., 30 min., one hour, several hours, dayahead…



In order to measure the actual reduction of the electricity usage during an event, different
methods can be used:
o

Customer Baseline Load (CBL): it is calculated during previous similar days to the
event and adjusted during the event day.

o

Firm Service Level (FSL): customers are required to choose an amount of electricity
they think necessary to meet their operational requirements during an event.

o

Historical demand data: the load of previous months or years is used as reference.

The principal drawback of indirect control is that the response level of participants is difficult to
predict, especially, for voluntary programmes with no penalizations. By means of the direct load control
(DLC), network operators reduce this uncertainty [58].
Traditionally, in some countries in Europe, some residential loads where controlled, such as water
heaters. Today, loads such as Heat, Ventilation and Air Conditioning (HVAC) systems, can be controlled,
extending the participation to small size customers of commercial and industrial sectors.
Participants may receive different incentives as consequence of joining these programmes:


Yearly payment or bill credits in return for the utility being allowed to control equipment
during peak load times [3].



Incentives on load reduction level.



Incentives in the purchase of enabling equipment.

In commercial and industrial sectors, automated control is generally required in DR programmes [3].
Automated demand control provides automated load reduction in response to a demand response event
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or price signal. In this way, customers do not need to adjust manually the equipment every time they are
requested to perform load management [58].
All these DR strategies involve different implementation characteristics in terms of who bears a higher
risk (customer vs. utility) and in the complexity of the deployment. In [3], the following comparison is
provided.

Figure 3.4 – Comparison of different dynamic pricing schemes [3]

For example, although RTP appears to have the highest potential aligning customer behaviour to
system situation, its implementation requires the deployment of smart meters and it exposes customers
to higher risks. TOU tariffs are simpler, but they might not alleviate network problems in an optimum
way. [3].
The following table, summarizes the characteristics of different DR programmes and identifies several
attributes that can be used to describe them [3]:


Quality of response: certainty, magnitude, speed.



Robustness to changing conditions (e.g. renewable energy penetration).



Implementation difficulty: infrastructure requirements, time and cost.

Figure 3.5 – Attributes of DR programmes [3]

3.2 Demand Response programme examples
Demand Response is fostered by EU legislation. Directive 2009/72/EC concerning common rules for
the internal market in electricity states that “demand-side management” measures need to be
implemented by Member States to “achieve the objectives of social and economic cohesion and
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environmental protection”. The Energy Efficiency Directive, 2012/27/EU requires Member States to
support DR through:


The elimination of the barriers that may hamper the participation of the demand in balancing
markets and ancillary services procurement.



The incentivisation of network operators to improve consumer participation.



Encouraging DR to participate in wholesale and retail markets.



Treating DR providers, including aggregators, in a non-discriminatory way.

In the European strategic long-term vision “A clean planet for all” [61], demand response is considered
as part of the solution to achieve a smarter and more flexible system, which is needed to allow the
transition towards a decentralised power system based on renewables.
However, the deployment of DR throughout Europe is unequal. According to [62], the EU countries
that have a more favourable framework for DR are Switzerland, France, Belgium, Finland, Great Britain,
and Ireland. Nevertheless, there are still aspects to improve at regulatory and market level, even in these
countries. The conclusions of this last reference on regulatory conditions in Europe show the following:


The regulatory framework in Europe for DR is progressing, but further regulatory
improvements are needed.



Restrictive consumer access to DR service providers remains a barrier to the effective
functioning of the market.



Significant progress has been made in opening balancing markets to demand-side resources.



The wholesale market must be further opened to demand side resources.



Local system services are not yet commercially tradeable in European countries.

In 2016, a review of the transposition of the Energy Efficiency Directive in EU Member States by the
JRC [63] led to the following similar conclusions:


Significant progress was made between 2013 and 2016. In 2013, Europe was almost entirely
shut to DR and, in 2016, consumers had already the opportunity to participate in DR
programmes.





Regulatory improvements are still needed, including:
o

The definition of the roles and responsibilities of aggregators.

o

Market design should enable the participation of DR and other DER.

o

Technical modalities enabling DR should be defined.

No single member state has succeeded in incorporating all the elements listed above in their
markets.

Regarding the member state regulation characteristics, countries are classified in three groups in [63]:


Those who need to apply reforms to allow DR: in these countries, obligatory provisions of the
relevant EU directives were transposed in name but not effectively.



Those who are in the process of enabling DR through the retailer, which limits the role of
aggregators as service providers. In this case, customers might not be offered a clear value for
their flexibility but, by contrast, they receive this bundled with their electricity bill.



Those who enable both DR and independent aggregation: Belgium, France, Ireland and the
UK. Roles and responsibilities of the aggregator are defined, and markets have made progress
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adjusting technical modalities and market entry requirements to facilitate consumer
participation. Further work is required but DR resources’ volume is increasing.
In Europe, historically, DR has been deployed in the retail market through interruptible supply tariffs
for industrial customers (Austria, Finland, Spain, UK…) and time of use tariffs (e.g. night tariff in Spain; the
Tempo Tariff in France; real time pricing based on standard consumption profiles as in Finland; different
tariffs deployed with the introduction of smart meters, telegestore, in Italy; Triad Avoidance in UK…). In
countries such as Finland and UK big load owners were able to submit regulation bids to the balancing
market. In many EU countries, DR demonstration and pilot programmes on direct control of loads (e.g.
Denmark, Norway), customer engagement through end-user interfaces (smart meters, displaying detailed
consumption…), etc. have been implemented from the first decade of the century [64].
However, as mentioned above, DR deployment will be tightly linked to the evolution of market
structures. Currently, the country with a higher experience on real DR strategies is the USA (together with
Australia) and it will be presented here as an example of the variety of DR products that can be developed
in different electricity markets (energy, capacity and balancing). Some examples of DR products for the
balancing markets in the UK are also introduced below. The objective of this section is to consider these
advanced DR products as reference for future strategies to be considered as planning options in Europe.
As mentioned before, these programmes today are only deployed in a reduced number of networks and
one of the future trends might be to expand their availability geographically, as grid capacity margins
become tighter.

3.2.1 National Grid (UK)
The UK transmission system operator, National Grid, issued a guide aiming at increasing the
participation of business customers in demand response strategies [65]. The following table summarizes
the network services in which demand response resources can participate under certain conditions.
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* To contract directly with National Grid (smaller loads via demand side providers)
** Average number of times called on per year, based on previous years data.
*** Relative value to participant
Figure 3.6 – Summary table of National Grid’s balancing services [65]

Figure 3.6 does not include DR programmes by other suppliers and DSOs in the UK.
Among the previous list, the Frequency Control by Demand Management (FCDM) and Demand
Turn up programme are specific services for demand (even if DR resources can participate in all of them).
The FCDM helps to stop a fall in frequency through the interruption of customers that use large
amounts of electricity from the transmission system. The interruption is achieved by the installation of
low frequency relays that disconnect a pre-agreed level of demand for a 30 minute period. Providers are
paid an availability fee based on the aggregated metered MWh of demand during the period [66].
The Demand Turn up programme seeks to increase demand (through shifting, not wasting
unnecessarily) when there is excess generation from wind or solar and/or to manage a network
constraint [65]. The service is open to demand but also to Combined Heat and Power (CHP) systems or
other type of generation (reduction of generation), energy storage and other technologies. There are two
ways in which Demand Turn Up can be procured [67]:


Fixed: one yearly tender, where availability and utilisation prices are submitted. Once
accepted prices are fixed for the whole summer period.



Optional: procurement open during the summertime. One bid per unit can be made for each
availability window. Utilisation prices and declarations of availability are submitted for the
coming week or “until further notice”. It permits to change availability and utilisation prices
frequently.
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3.2.2 USA system operators
In the USA, examples from New York and California are reviewed. The latter is one of the most active
States with regard to DR.
The New York Independent System Operator (NYISO) offers the following demand response
programmes [68]:


Reliability-based demand response programmes: customers receive payments for load
reduction, when the grid is stressed (capacity market). Performance payments are based
upon the amount of reduction made during a period after a reliability event activation. Load
must be reduced 100 kW, at least, either by a single participant or by an aggregation of them.
Notifications of events are sent a day before or on the day of the event, with two hours ahead
notice. Hourly interval meters are required to measure the load reduction performance.
o

Installed Capacity – Special Case Resource (ICAP-SCR) programme: monthly
availability/capacity payments are received in addition to performance payments.
Performance is mandatory and load must be reduced for a minimum of four hours
during the event.

o

Emergency Demand Response Program (EDRP): load reduction during any event
is voluntary.



Economic-base demand response programs: customers can offer a load reduction into
New York’s electricity markets anytime (energy and ancillary services market). Load must be
reduced by, at least, 1MW unless participating as part of an aggregation, in which case the
aggregation must meet the same minimum amount of power reduction:
o

Day Ahead Demand Response Program (DADRP): when the customer offer is
accepted and scheduled, and load reduction is performed accordingly, performance
payments are received. Once scheduled, performance is obligatory. Hourly metering
is required.

o

Demand-Side Ancillary Services Program (DSASP): customers are eligible to
receive payments from the ancillary services market when their reserves and/or
regulation offers are accepted. Customers are obligated to respond to real time
instructions to change load following NYISO directives. In addition to hourly
metering, real-time telemetry is required.

Figure 3.7 – NYISO types of DR programmes [68]

In these programmes, load reduction can be achieved by both reducing consumption or using behind
the meter local generators. It must be taken into account that in the USA generators with an emergency
permit can only operate during emergency conditions [69]. Participants are allowed to enrol
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simultaneously in one of the reliability-based DR programmes and one of the economic based DR
programmes [68].
The Pacific Gas and Electric Company (PG&E) has the following business related demand response
programmes [70]:


Peak day pricing: customers receive discounts on regular summer electricity rates in
exchange for higher prices during nine to fifteen peak pricing event days per year, typically
occurring on the hottest days of summer. In these days, a surcharge is added to energy use
between 2 and 6 p.m. Event days are notified in advance.



Base interruptible program: customers reduce their load to or below their Firm Service
Level (FSL) when the California Independent System Operator (CAISO) issues a curtailment
notice. Customers are given, at least, 30 minutes advance notice. The programme cannot
exceed 10 events per month or 180 hours per year. The FSL must not be more than 85% of
each customer’s highest monthly maximum on peak demand during the summer on-peak and
winter partial-peak periods, over the past 12 months. There is a monthly incentive per
reduced kW, which depends on the potential load reduction level. Participants are penalized
for the energy usage over their FSL during a curtailment ($/kWh).



Capacity bidding program: it is an aggregator managed programme. Each aggregator is
responsible for designing their own demand response programme as well as customer
acquisition, marketing sales, event notification tactics… Each aggregator submits monthly
capacity nominations for customers enrolled in their portfolio. There are both capacity and
energy payments from the company to the aggregator, aggregators then pay incentives to
their customers based on their own agreement. Penalties exist if aggregators fail to deliver
their committed load reductions.



Optional binding mandatory curtailment plan: customers avoid rotating outages by
reducing the load of a facility. PG&E notifies on the required load reduction (from 5 to 15%),
15 minutes in advance, and provides the start and end times of the event. The event can occur
on any day without limitations to frequency or duration. The participant is required to submit
a load-reduction plan each year.



Demand Response pilot programmes: they test innovative applications for DR. Two are
currently in place:
o

Excess supply DR: it tries to demonstrate the capabilities of demand resources to
modify load in response to renewable generation intermittency. The programme is
open to aggregators, which must achieve a minimum increase of 30kW across two
hours, over their baseline, and be composed of one or more customer locations in the
same area (same sub-location aggregation point).

o

Supply side pilot II: it fosters the participation of DR in the CAISO wholesale market
using the Proxy Demand Resource product. Market participation is simplified with
training, support and DR services. The participant (individual or aggregator) must be
capable of achieving a minimum curtailment of 100kW and must make monthly
capacity nominations at the resource level. Participants receive the CAISO calculated
energy settlements and are responsible for any performance charges.
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The San Diego Gas and Electric Company (SDG&E) offers the following business related programmes
for DR [71]:


Air Conditioning Saver: a device is installed in the HVAC unit at customer’s site and it is
controlled on selected high consumption days (hot days), on/off, for a period of two hours.
The programme runs April through October and activations might be called up to 80 hours in
total. Depending on the percentage the air conditioning run time is reduced (30 or 50%), an
annual credit is received on the bill for each air conditioning system (in $/ton, 1 ton = 12 000
BTUs of cooling per hour).



Base Interruptible Program (BIP): it offers a monthly bill credit to businesses that commit
to reduce energy to a minimum pre-determined level, FSL, when requested. The minimum
reduction is 100kW or 15% of monthly average peak demand. Notification is provided 20
minutes in advance. There is a penalty in $/kWh for excess energy use.



Capacity Bidding Program: the customer commits to reduce certain amount of capacity,
monthly. If the goal is met, a payment is received by the participant. It is managed by
aggregators and two options are available:



o

Day-ahead: notification to reduce energy is received 3 p.m. the day before the event.

o

Day-of: notification is received two hours prior to the event.

Smart Thermostats: SDG&E remotely adjust the thermostat of a business facility when an
event day is called. A money amount is given for each thermostat registered (4 thermostats
per business, maximum). The business must be enrolled on a CPP or TOU pricing plan.
Advanced notification is sent before the activation is called and the thermostats are adjusted
for a maximum of four hours.

The Southern California Edison (SCE) company offers six demand response programmes for business.
Their characteristics are summarized in Figure 3.8, at the end of this section 3.
Most the companies, e.g. PG&E, SCE, contract authorized third party DR aggregators for certain
programmes [70] [72].
In addition, a general framework provides incentives to install automated demand response (AutoDR) control systems (EMS), which automatically initiate load reduction activities based upon settings
established in advance. To qualify for the Auto-DR program, customers must enrol one eligible DR
programme for a minimum of 36 months. Two incentive options are available [72]:


Express: to control standard technologies such as dimmable ballasts and HVAC.



Customized: for the purchase and installation of remotely activated equipment to control
lighting, motors, pumps, fans, air compressors, process equipment, HVAC…

3.3 Expected evolution of Demand Response
The USA networks, at least those of some of the States, are more stressed than the power systems of
most European countries. In Europe, DR strategies have not been so widely deployed as in the USA, and
one of the motives might be the existence of a higher capacity margins, which causes a lower range of
wholesale electricity prices and, therefore, lower profitability for DR programmes.
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However, the increasing penetration of renewables and the increasing difficulties to build new
transmission lines may require the deployment of DR to help respond to the new challenges that power
systems are already facing.
According to PJM [5], the DR should evolve considering the following:


Automated DR will increase in industry. This will provide higher certainty in DR
programme participation.



Consistent DR mechanisms should be available for wholesale market participation.



System operators should be able to predict the energy and capacity reductions based on
season, location, hour of day and frequency of events.



DR dispatch optimization tools would help provide recommendations to dispatchers for
when, where and how much DR to use. Dispatching per node should be possible.



It would be important to understand the impact of DR on real-time load (learn to isolate
DR actions from forecast errors). Needed enhancements to achieve this:



o

Forecast real-time load by zone instead of at the aggregate grid level.

o

Calibrate the expected load reductions based on historic performance.

o

Use real-time load data from end-customers/aggregators.

The customer’s capacity requirement (peak load contribution by each customer)
calculation method should be more robust.



According to PJM, DR should remain as supply-side resource in the capacity and ancillary
services markets.



According to PJM, DR participation in the energy market should be in the retail market on
the demand side and not in the wholesale market as supply-resource. Today, in some cases,
DR receives both supply-side payments in the energy wholesale market and demand-side cost
savings.



Regarding planning, it should be considered whether DR is included or excluded from
demand evolution estimations (since DR cannot be predicted) and how to do it, e.g., how to
calculate the electricity price and revenues impact on the amount of DR.
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Figure 3.8 – SCE types of DR programmes [72]
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4 Service specifics at regional level
Mainly due to the weather characteristics in the different regions of Europe and, sometimes, due to
variabilities in industrial composition and energy consumption culture, differences in load and generation
balance casuistry are expected. Hence, it can also be expected that regulations and requirements
regarding system and network services are different.
Several local factors both geographical and historical are essential for the consideration of the need for
future ancillary services.


Presence of the resources and corresponding infrastructure for alternative energy
vectors: the use of natural gas for domestic loads, as space and Domestic Heat Water (DHW),
varies significantly from country to country in Europe. For example, in the UK, about 80% of
domestic heat demand is covered by natural gas [73] while, in Norway, the use of natural gas
by household is negligible [74] and gas distribution infrastructure is non-existent. In some
countries, district heating is common but not in others.



Demand mix: local climate conditions are often considered to be one of the main factors
determining the magnitude and elements of a demand mix. Space heating is often covered by
natural gas while space cooling is electricity driven, but the demand requirements and the
share of energy sources change from country to country. Electrification of the transport is
going to reshape the demand mix. As carmakers will need to comply with the EU CO 2 emission
reduction targets of -15% in 2025, the share of EVs has to be at least 15% [75]. In countries
with initially high electricity consumption per capita, as Norway, this will not have decisive
impacts (10-15% increase of electricity consumption [76]), however in other countries it can
bring serious challenges both regarding energy and capacity issues. Decarbonisation of UK's
heat demand, by transfer to heat pumps in space heating, is expected to increase the local
peak demand (replacing 30% of natural gas may result in doubling the maximum daily
electricity demand).



Generation mix: according to survey results ( [77]), the expectation of connection requests
for new generation is the most important factor for expansion of the network. Geographic
landscape, availability of local resources and historic legacy are important factors for the
conventional, as well as RES, generation deployment. In addition, today, the generation is
expected to be connected to both the transmission and the distribution networks.
Countries as Austria and Norway have a considerable share of hydropower, including smallscale installations feeding into distribution networks. It is natural to expect that countries
having high solar irradiation will have higher share of PV-based generation. However, in an
open market environment, the development of business models depends on the profitability
of the investments and, therefore, the installation costs and the local support schemes cause
high impact on the deployment of one type of generation technology.
DERs have specific impact in distribution networks. For example, when the installed capacity
of PV plants is relevant in an area, the demand profile at affected nodes changes severely. This
poses certain operational risks that may require new planning processes and/or regulatory
developments addressing identified local/regional casuistry.

Copyright 2020 FlexPlan

Page 59 of 102

FlexPlan


Interconnections with neighbouring countries: availability of strong interconnections with
other power systems can help resolve local congestion issues in transmission grids. The
feedback from Ireland indicates that the need to be self-sufficient leads to the mobilisation of
flexible resources from the distribution grid and to the creation of the necessary
infrastructure and dedicated actors [78]. Even if the number of weak interconnections is
slowly diminishing in Europe during the recent years, due to the investment in new lines and
submarine cables between countries, in regions like the Iberian Peninsula limited
interconnection capacity remains an issue.

Required ancillary services in the future will be related to the energy generation and consumption
characteristics then. To give an overview of a possible energy futures (not forecasts) up to 2050, the three
scenarios from TYNDP 2020 [79] are selected: Distributed Energy, Global Ambition and National Trends.
The first two scenarios have been built as full-energy scenarios until 2050, and the last one is based on
electricity and gas related data from the member state’s National Energy and Climate Plans (NECP)
submitted to the EC, and it has been developed until 2040.
The two main drivers for the scenario’s storylines are decarbonisation and centralisation/decentralisation. As stated in [79], decarbonisation refers to the decline in total Greenhouse Gas (GHG)
emissions, while centralisation/decentralisations refers to the set-up of the energy system, such as the
share of large/small scale electricity generation (offshore wind vs. solar PV) or the share of indigenous
renewable gases (biomethane and power to gas -P2G-) vs. share of decarbonised gas imports (either preor post-combustive).
The storylines for 2030 and 2040/2050 are [79]:


National Trends:
o

The central scenario based on draft NECPs, in accordance with the governance of the
energy union and climate action rules, as well as on further national policies and climate
targets already stated by the EU member states.

o

Compliant with the EU’s 2030 Climate and Energy Framework (32 % renewables, 32.5 %
energy efficiency) and EC 2050 Long-Term Strategy, with an agreed climate target of 80–
95 % CO2 reduction compared to 1990 levels.



Global Ambition:
o

A scenario compliant with the 1.5° C temperature increase target of the Paris Agreement,
also considering the EU’s climate targets for 2030.

o

A future led by development in centralised generation. Economies of scale lead to
significant cost reductions in emerging technologies (offshore wind), but also imports of
energy from competitive sources are considered as a viable option.



Distributed Energy:
o

A scenario compliant with the 1.5° C target of the Paris Agreement also considering the
EU’s climate targets for 2030.

o

A decentralised approach to the energy transition. A key feature of the scenario is the
role of the energy consumer (prosumer), who actively participates in the energy market
and helps to drive the system’s decarbonisation by investing in small-scale solutions and
circular approaches.
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The current practices of ancillary service provisioning in Europe are reviewed in a survey conducted
in the FlexPlan project. The bullet points below present the main findings of the survey, and are collected
in [77]:


(IT) TERNA, the Italian TSO procures aggregated flexible resources from consumption units,
production units, storage units from 1 MW without specific limit on maximum capacity. They are
used for congestion management, balancing and tertiary reserve.



(AT) The respondent from Austria (DSO) operates 2 MW battery bank, which is used for voltage
support and congestion management. The company also procures flexibility directly from owners
of heat pumps, water boilers and similar flexible loads.



(IE) Being an island, Ireland is in very special and extremely vulnerable condition, when it comes
to access to resources, which are necessary for covering the steady growing need for ancillary
services. Flexible resources were initially procured and used by the TSO for ancillary services,
including frequency support [78]. However, the growing share of RES in the distribution network
leads to growing interest from the local DSO for avoidance of RES curtailment.

Several respondents have pointed out that the main factor for planning expansion of their networks is
confirmed or "serious" connection requests for new generation (wind was specifically mentioned) and
load. This complies with the above-mentioned avoidance of curtailment of RES as one of the services,
which can be provided by flexible resources.
In 2017 ENTSO-E carried out a survey on ancillary services procurement with the purpose of
providing an overview of the different market arrangements throughout Europe [80]. TSOs in all
European countries participating in the survey consider voltage support as part of ancillary services.
There are six regional cases to be studied in the FlexPlan project. Countries belonging to the regions
are selected and voltage regulation related responses of the survey are presented in Table 4.1. Congestion
management procedures are summarized in Table 4.2 from [81]. At the current state, there are
differences among the countries regarding the determination method for optimal use of reactive power,
the optimization approach used for voltage control and also the settlement rules.

Figure 4.1 – FlexPlan EU project Regional Cases (RC)
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Table 4.1. – Voltage control service (elaborated from [80])
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Table 4.2. – Congestion management service (elaborated from [81])
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5 Flexibility resources mapping to services
A literature review is presented in this section to summarize the studies mapping different flexibility
resource technologies to services for the system. This input is intended as initial reference for the
mapping between technologies and services that will be performed in D2.2 [1] of the FlexPlan project.
ENTSO-E identified Research and Development (R&D) projects on flexibility in Europe and mapped
these projects with the power system flexibility framework [60]. This framework tries to identify what
are the existing flexibility sources and instruments and how they can provide services to answer
the power system needs (network services). Moreover, the work also tries to assess the level of
readiness of the different technologies. Figure 5.1 summarizes the results of this study.

Figure 5.1 – Mapping research on flexibility solutions – technical [60]
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In SmartNet EU project [82], the consortium proposed a qualitative assessment of the capabilities of
distributed energy resources (DER) to provide ancillary services (limited to frequency control and
voltage control). This mapping work was essentially based on the technical characteristics of the DER:
physical capabilities, specific dynamics, size and availability as well as the influence of the grid-coupling
technology. The results of the work are summarized in Figure 5.2.

Figure 5.2 – Capabilities of DER to provide future ancillary services [82]
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In [83], ancillary services provision by Distributed Energy Resources (DER) is assessed when these
technologies are aggregated as Virtual Power Plant. The focus of this reference is to describe the technical
control capabilities (based on physical laws) of a large number of DER to provide various ancillary
services, both for transmission and distribution operations. This approach is different to the assessment
of economic capabilities, which depends on the economic framework that can quickly evolve and change
from one country to another. The analysis is performed not only for ancillary services existing in 2007 but
also for foreseen ancillary services needs due to the emergence of DER in the distribution networks.
Moreover, the paper also distinguishes the capabilities of DER to provide ancillary services depending on
the grid coupling technology used. The main results described in the article are synthetized in Figure 5.3.

Figure 5.3 – Technological Capabilities of DER units to provide Ancillary Services [83]

In [84], future flexibility needs in the power system are discussed, as well as how TSOs and DSOs
should coordinate to efficiently use new flexibility resources. The study categorises flexibility needs into
four different groups: power, voltage, transfer capacity and energy. Considering that there exists a
functional and transparent flexibility market, the study assesses which are the most suitable flexibility
solutions/technologies to solve the four categories of future flexibility needs, from a local to a system
wide level of implementation.
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(PSS: Power System Stabiliser; FFR: Fast Frequency Response; BESS: Battery Energy Storage System; DSR: Demand Side Response; FACTS:
Flexible AC Transmission System; AVR: Automatic Voltage Regulator; OLTC: On-Load Tap-Changer; PST: Phase Shifting Transformer)
Figure 5.4 – Example of flexibility solutions for each category of flexibility needs with implementation levels from local to system wide [84]

In [85], a summary of the technical capabilities of DERs to provide grid services is presented. The
purpose of the report is to show the advantages of DERs to provide grid services in comparison to
expensive “peaker” power-plants. The evaluated DERs include solar, storage, energy efficiency and
demand management. Their individual capabilities of providing services such as load following and
balancing, and voltage and frequency regulation are assessed by providing simple explanations. Matching
of DER and grid services is summarized in the DER capabilities matrix (Figure 5.5).

Figure 5.5 – DER capabilities matrix [85]
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In [86], it is explained how several distributed generation resources, with the right level of
aggregation, can provide ancillary services to the distribution and transmission grid. The capabilities of
the different generation technologies are shown in Figure 5.6.

Figure 5.6 – Capabilities of providing ancillary services by various distributed generation source types [86]
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[87] provides some guidelines for the integration of decentralized flexibility resources in future
European markets. As part of this report, they identify four groups of DERs, demand response, distributed
generation, distributed storage and electric vehicles, which can help solve flexibility needs in future
systems. For each group, they evaluate the technical capabilities and costs (both investment and
operational costs) of providing flexibility to the energy system. Figure 5.7 summarizes the main
conclusions of the analysis.

Figure 5.7 – Summary of sources of value by DER flexibility [87]
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The roles and capabilities of residential devices (heat pump, electric vehicles, pool pump, electric
boiler, battery, PV inverter, electric heater…) to provide ancillary services in the USA are assessed in [88].
Among the current existing services, three of them are seen relevant to be provided by residential
devices: frequency response (FR), operating reserves (Res) and voltage control / reactive supply (Q). Six
key indicators showing capabilities to participate in these services are studied: flexibility, availability, fast
response, reserves, reactive power, and power level. Figure 5.8 summarizes the scores that each device
received for each factor.

Figure 5.8 – Analysis of Residential Devices Against Six Factors and Three Scores [88]

As a next step to this capability study, they derived the number of devices which should be aggregated
together in order to provide the different services. The estimations are depicted in Figure 5.9.

Figure 5.9 – Estimated number of devices required in aggregation to provide frequency response (NFR), reserves (Nres) and reactive power
(NQ) service [88]
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National Grid provides in [65] a “rough guide” that maps typical business assets to products offered by
the TSO for frequency and reserve services. The table below summarizes the experience of demand
providers.

Figure 5.10 – Assets for demand side responsive services [65]
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6 Service selection for flexibility resource candidates in
FlexPlan
The first sections of the present report show a review of the services, or applications, that both storage
technologies and Demand Response (DR) strategies can provide to the system, network, generators and
customers.
The aim of this review is to have a global picture of the ways in which distributed flexibility resources,
with the focus on storage and demand response, can provide support to the system. This information is
an input for the development of the algorithms of the pre-processor tool, which aim is to pre-select
candidate technologies to be considered by the planning tool within the grid extension optimization
problem.
The operational strategy of the storage systems and the activation of DR strategies is linked to the
characteristics of the service that these resources provide to the system. This operation strategy, together
with the conditions set by the scenario (e.g. power flow, electricity cost/price) and the technical and
economic characteristics of the resource set up a use case, where the performance of the flexibility
resource can be simulated.

Figure 6.1 – Operation strategy as input for the pre-processing of candidates for the planning tool

This approach permits to simulate the way in which a resource is expected to behave in the frame of a
use case. Therefore, it would be valid both to:


Create generation and demand profiles of production plants and customers using storage
systems or DR strategies. Base case demand and generation profiles could be modified by the use
of storage or DR to create new scenarios considering the use of these resources.



Assess the impact of flexibility resources on network power flows. This can be used as input for
the planning process.

The objective pursued in this section is to select those services that suit better the planning objectives
of the FlexPlan project in order to focus on them. The selection has been based on the following key
agreements reached within the project:


The pre-processor will be used to provide flexibility candidates to the planning tool, in
principle, not to help in the scenario creation.



The focus is set on those applications able to provide network congestion support, since
congestion is the primary driver for grid extension and, therefore, for network planning.
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Congestion management or support is considered from the active power control
perspective. Voltage control is not considered because the planning methodology does not
include Optimum Power Flow (OPF) calculations within its process, due to the fact that this
would involve high complexity and computational burden.



One hour is considered as simulation step and the services provided in shorter time scales
are neglected.

As consequence, the selected main storage service is Congestion Management (CM) support, with a
final aim of deferring transmission and distribution network investments. Next Figure 6.2 (based on
Figure 2.1), presents the analysed storage applications. Those DR and generator side strategies that can
contribute to alleviate congestion in the network are presented in warm colours: generation side
applications (price arbitrage and limitation of long duration disturbances in power production), DR (enduser peak shaving, time of use energy cost management, demand charge management, Electric Vehicle
integration and continuity of supply, through the use of UPS/storage) and the CM directly related
applications (curtailment minimization, transmission investment deferral, distribution investment
deferral and capacity support at distribution networks). By contrast, applications that are not the focus of
FlexPlan (because not directly related to congestion, because are related to voltage or because they are
provided in periods under one hour) are represented in blue and green.

Figure 6.2 – Preselection of applications linked with the congestion support service

On the generation side, producers aim at maximising benefits through energy sale and additional
services provision. Therefore, some storage applications are focused on increasing the offer of production
plants in wholesale energy and ancillary services markets, while others try to meet the technical
specifications imposed by either the generation technology characteristics or by the network.
However, some operation strategies linked to use of the storage, such as price arbitrage, are in line
with congestion management support. In this case, a low price of energy is expected when electricity offer
is higher than demand, and this may prevent an excessive energy production at a location, leading to a
possible congestion in certain periods of the day. The use of nodal electricity prices, instead of zonal,
could be a tool used by the system operator to align the power production with the congestion
management support.
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Curtailment is a tool used by system operators to avoid congestion. In the network operation process,
while considering economic aspects, curtailment minimisation of RES production should be an
objective, in order to reduce the environmental impact of energy production as much as possible.
However, from the planning perspective, it also needs to be considered the environmental impact of
building new lines or storage systems that would reduce this curtailment.
The long duration disturbances limitations may also help support the transmission congestion by
avoiding production peaks.
At demand side, congestion support can be provided through the participation of consumers in DR
strategies, as introduced in previous section 3. There are several strategies, as the ones highlighted in
Figure 6.2, that help customers reduce energy cost or have some extra benefits by the sale of services to
the network operator: peak shaving, time of use tariffs and demand charge management at peak hours.
Electric Vehicle (EV) owners can also benefit of the fact that the use of the energy is decoupled from its
consumption from the network. Therefore, they are good candidates for DR. In the case of EV
technologies able to supply energy to the network (vehicle to grid), the same strategies as with the
storage could be used (considering some additional restrictions related to the primary usage of the
vehicle as transport mean and the impact of these additional uses on the battery lifetime “consumption”).
Also at demand side, end-user peak shaving could be related or not to a DR strategy, but it can
certainly provide support to congestion management. Continuity of energy supply is thought for postcontingency situations, however, UPS/storage systems installed for that purpose could also be used, at
certain occasions, to avoid a congestion problem through DR mechanisms.
Other applications of the storage, as those related to power quality or to maximizing the output of
local generation, are considered out of the scope for congestion management support.
Regarding system and network services, many of them are not related to congestion management:
black start, islanding, frequency stability in isolated grids, disturbances limitation… In the case of
balancing services, some connections exist, especially in some countries (Table 4.2) with the congestion
management, however the time frame of operation, generally below the hour (Table 2.1), and the context
of activation of the service, as response to a contingency in the network, leave them out of the scope of the
project. The same happens with angular stability and contingency grid support.
The services related to voltage support, including reactive power compensation, are not considered
in the project, as mentioned above, even if they are directly related to the congestion management.
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7 Congestion support in the network by flexibility resources
Congestion in networks and its related management service is defined in section 2.1.2 in the present
document. In FlexPlan, the focus is set on congestion from the active power point of view and from the
grid planning perspective.
The pre-processor supporting the network planning process should provide the following inputs to
the planning optimization tool developed in the frame of the project:


Advisable locations in the network (nodes/buses) to install flexibility resources (storage,
phase shifting transformer -PST, DR).



A list of candidate flexibility resource technologies for each selected location (considering
site characteristics).



A size for each candidate.



A cost for each candidate.

In the subsections below within this chapter, several clues are introduced as input for the preprocessor design. The methodology and algorithms of this tool will rely on some of the concepts
introduced below when considered necessary.

7.1 Operational strategies of flexibility resources to support congestion
management
Even if operational strategies fall within the operation domain, they should be considered also at
planning level to assess the performance of the resource. The operational strategy should define when the
flexibility resource is activated/deactivated (for charge and discharge in the case of the storage) and at
which power, as percentage of its available power and taking into account its level of influence on the
congested asset. This information is important because, from it, both the technical performance, e.g. usage
and impact on lifetime, and associated costs could be derived.
From the point of view of active power, and from a general perspective, we find congestion in a
network when the power to be transmitted saturates the capacity of one or more assets (e.g. line,
transformer). In the case of overhead lines, the ambient temperature affects the maximum allowed
current limit through them, causing the effective capacity of a line to change dynamically and vary with
respect to their nominal capacity. This happens generally with all network assets, but with a different
impact because of their physical characteristics and because of the temperature variation range in the site
where they are located.
At operation level, the power transmitted through assets is not allowed to go beyond capacity limits,
even if this may happen occasionally, especially at distribution level. At transmission network level, the
system operator checks if the generator assignment resulting from the wholesale energy market
clearance is technically feasible. If this is not the case, generation/load re-dispatching and/or
countertrading, between different bidding zones, is applied by operators. Other possible remedial actions
in the short-term (day-ahead, intraday) are to use DR strategies, charge/discharge energy storage, adjust
power flows with network assets (PST, FACTS), change the topology of the network and control the
power of HVDC systems (reactive power sources are also controlled in the case of voltage related
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congestions). These remedial actions are normally classified into those that increase the operational cost
of the system and those that do not involve an operational cost for the system. The latter are the ones
linked with network assets, such as PST, FACTS and HVDC.
Today, at distribution level, technical feasibility is not checked as at transmission. When congestion is
caused by high RES production levels, generation curtailment is normally used. If the congestion is caused
by high levels of demand at distribution, some of the previous actions, such as DR strategies and the use
of the storage, could be activated to avoid contingencies and indiscriminate load shedding. When a
congestion is structural, a grid extension needs to be planned to optimize the electricity transmission and
distribution.
As a general approach, the flexibility resource providing network congestion support should
counteract the excess of power in a congested asset. Considering the concept of the load duration curve of
a network asset, the flexibility resource should avoid the power to exceed the established limit capacity.

Figure 7.1 – Load duration curve. Peak elimination

In order to trigger the operation of the flexibility resource, a signal is needed to inform that congestion
is currently happening or that it is expected to happen in a specific time frame, at certain point in the
network. In transmission, due to re-dispatching and countertrading, at steady state operation of the
system, the power flow is not expected to exceed the maximum capacity limit of the assets, unless
constraints are relaxed in a percentage under certain special circumstances. Still, either the percentage of
power flow with respect to a capacity or the expected demand level could be signals to identify the
existence of a congestion.
Considering that a determined flexibility resource has influence on the power flow passing through a
congested asset, we could think of different operational strategies for it, depending on the type of signal
that activates the resource. Some possible strategies are presented below:


Triggered by power flow: once a certain network asset reaches a pre-set power level (in
simulations this will happen at a specific time step), the flexibility resource would be
activated. In the case of storage, it would inject power, when the power flow exceeds the
triggering value and, in a later period, when the system is safe from congestion, it would
charge at nominal rate to be ready for the next peak (checking that its demand will not cause
any additional congestion). The state of charge needs always to be tracked so that the storage
cannot discharge when it is at its minimum level and cannot charge when it is fully charged. In
the case of a congestion caused by electricity generation, the storage would charge during the
periods when an excess of production exists and vice versa. In the case of a congestion caused
by demand, DR would be activated in the same way but only to reduce power (the later
increase of demand due to shifting of activities, cannot be controlled by the DR strategy
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operator). DR would have impact only in very specific cases when the congestion is caused by
the excess of production in an area (there should be availability for demand increase). The DR
potential of a load or aggregated loads should be checked in relation to the peak demand, the
DR capacity, the participation rate and the response rate, which depends on the DR strategy.
The algorithm in charge of this strategy should only check if the power flow is higher than the
power triggering the resource and the availability of the latter (state of charge, available load
reduction capacity, etc.), the activation would be in real-time.


Triggered by power considering energy limits: this is relevant for the storage, which has a
limited amount of energy, but also for DR, where, depending on the strategy characteristics
(defined contractually), the activation of different load reduction resources might be required.
The flexibility resource would be activated in the same way as above, but instead of providing
a predefined percentage of available power (nominal or a part of it), the power level in each
time step would be reduced, when it is predicted that the resource will not be able to provide
the expected power during the whole congestion period, which might be of several
consecutive hours in some months and locations. In this case, the available energy by the
flexibility resource should be shared within congestion hours according to rules, for example:
percentage-wise with regard to the power flow in each time step, or providing support only in
the hours with highest level of congestion, etc. Unlike in the previous case, the algorithm
implementing such a strategy should have as input the prevision of the congestion level in the
following hours, as well as the available energy by the flexibility resource in that period, to be
able to define the power that the resource should activate at each time step.



Triggered by a market price signal (zonal/nodal): on day-ahead basis, once the prices for
the next day are known, an algorithm could select which are the preferred hours to activate
the flexibility resources and, in the case of storage, which are the preferred hours to charge.
Generally speaking, the most expensive hours during the day would be more given to
suffering from congestions and the cheapest hours would be better to charge the storage.
Nodal market prices provide a much better input than zonal, especially, for distribution
networks, since they reflect the specific characteristics of the location. However, the use of
nodal prices is not common in the European electricity markets and in distribution networks,
today. The price signal might be especially important for flexibility resource operators that
may have no power flow references or direct activation signals from the system operator. The
algorithm in charge of this strategy should perform an optimization on day-ahead basis,
which could be modified intra-daily, to decide at which time steps the flexibility resources
should be activated and at which power, having as input both market prices and the power
availability evolution throughout the day.



Triggered by demand forecast: the expected demand for the following hours is used to
programme the activation of flexibility resources. As an example, the result of the wholesale
energy market clearing provides day-ahead information about the optimum mix of generation
to cope with an expected demand at system level. This information permits to identify
possible locations where congestions are expected to happen. This is the current procedure
for technical restrictions identification that leads to re-dispatching or counter-trading actions
to avoid contingencies in the transmission network. From this information, the re-dispatching
algorithm may decide when to activate the flexibility resources and with which power level.
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In the case of distribution networks, congestions can be foreseen by the expected demand
level for the following day, for example, considering the power flow historical information on
the previous days of the same type (e.g. day of the week, holiday…) at substation feeders, and
the expected temperature for the next hours. However, it is expected that, in the future,
distribution systems could apply similar procedures to those used today at system level in
local markets. The algorithms should use the expected demand to programme the flexibility
resources’ activation, taking into account their availability, in an optimum way.
With these operational strategies in mind, a generic algorithm for the operation of flexible resources
is proposed with the following main steps:
1.

Check the signal that triggers the flexibility resource to support the congestion. It could be power
flow, energy, electricity price, demand level… and it could be day-ahead, hours-ahead, real-time…

2.

If the activation does not need to be immediate:
a.

Evaluate the current or expected availability of storage and/or DR resources: maximum
power, maximum energy, response time…

b.

Select the preferred activation hours through simple rules or optimization, depending on
the case. For storage, both charging and discharging hours should be selected.

c.

Set the activation power level for each time step within the analysed time window, by
taking into account availability and relative impact of the resource on the congestion. To
do this, we could establish as reference a maximum allowed power limit in the line, a
fixed or variable power reduction percentage for each congested hour, an available
energy sharing through the congestion period, etc.

3.

Activate the storage and DR at the pre-selected power when it comes the time.

The general network topology characteristic, e.g. meshed or radial, and the existence of additional
resources have also influence on the operational algorithms, especially in what relates to the influence
that a specific resource has on a specific power congestion, i.e. in the calculation of the power that
should be requested to each flexibility resource to solve a congestion. This is exemplified below through
different cases.
We consider the case of a unique power flow path to feed a load, e.g. a rural distribution system line
(Figure 7.2), where the congestion is caused by a high demand at a time, t.

Figure 7.2 – One radial network feeding the demand

In this case, the activation of a flexibility resource, or a combination of them, at a time t has a direct
impact on the congestion support and the calculation of the operation power is straightforward, based on
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the selected algorithm. In the case of the storage, considering that the power flow through the line is
known and that it is not constrained:
Pcongest,ji,t = Pl,ji,t – Pl,ji,max,t
If Pcongest,ji,t > 0; discharge at 0 < Pstorage,i,t < Pstorage,i,max,t
If Pcongest,ji,t < 0 ; option to charge at 0 < Pstorage,i,t < Pstorage,i,max,t
Where:


Pcongest,i,t: Power exceeding the maximum permitted capacity of line ji at time t.



Pl,ji,t: Power flow through line ji, at time t.



Pl,ji,max,t: Maximum permitted power flow through line ji, at time t.



Pstorage,i,t: Power of the storage system installed at bus i, at time t.



Pstorage,i,max,t: maximum power of the storage system installed at bus i, at time t.

In the case of demand response:
Pcongest,i,t = Pl,ji,t – Pl,ji,max,t
If Pcongest,i,t > 0; activate DR at 0 < PDR,i,t < PDR,i,max,t
If Pcongest,i,t < 0; do not activate DR
Where:


PDR,i,t: Power of the DR resource at bus i, at time t.



PDR,i,max,t: maximum available power of the DR resource at bus i, at time t.

We consider a similar case but with more than one line feeding the demand at bus i, and only one of
those lines congested, ji. In this situation, the activation of certain flexibility at node i would have an
impact on all the lines connected to that bus and, therefore, its influence on the congestion would be
lower, because the power reduction seen from the network is shared among more than one line.

Figure 7.3 – Two lines feeding a load, one of them congested

In this case, the operation strategy needs to consider all the aspects mentioned above. However, to set
the required power on the flexibility resource, we would need to check how the reduction of demand
provided by the activation of the flexibility affects each of the lines feeding bus i, especially the congested
line. This impact depends on the physical characteristics of the network and in the existence of systems
such as FACTS.
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Focusing on topology, the Power Transfer Distribution Factor (PTDF) or shift factor concept could be
considered as approach to evaluate the relative impact of a demand reduction, or power injection, at a
bus on the power flow of the lines of the network. The PTDF is a factor which represents the percentage
of change in power flow through a network branch due to the existence of a new transaction in the
system, from one bus to another [89] [90]. PTDFs are normally used for re-dispatching and their basics
are introduced in Annex I.
Since PTDFs depend on network characteristics, inserting a line would make the PTDF matrix change.
This makes that, considering the FlexPlan planning procedure, if this concept would be used by the preprocessor, the non-expanded network data would have to be used as reference and input.
Following with the previous example, we consider a last case with more than one line reaching at bus i
and more than one flexibility resource affecting the power flow at the congested line, ji, for example, the
resource activated at bus k.

Figure 7.4 – Two lines feeding a load, one of them congested, two flexibility resources

When more than one resource has an impact on a congested line, a common strategy for operation is
the optimum way to proceed. This might be easier if all resources can be controlled by the same system
operator. This common operational strategy of the flexibility resources can be based on different rules
translated to algorithms, for example:


Share the excess of power flow in the congested line in proportion to the influence of each
resource on the congested bus (e.g., using the concept of PTDF).



Try to solve the congestion with the resource/s that provides lower operational costs,
considering its relative impact on the congestion (PTDF).

Once decided the power share among resources, the previous algorithms for a unique flexibility
resource would apply.

7.2 Location of flexibility resources in the network for congestion
management support
In a step previous to the operational strategy definition, the flexibility resources need to be located in
the network, both at transmission and distribution levels. The selection of an optimum location would
support congestion management in the best possible way.
In network planning, we consider as candidate those resources that the system operator can control:

Copyright 2020 FlexPlan

Page 80 of 102

FlexPlan


Directly: because the resources are of its own or because it is allowed to control third party
assets.



Indirectly: for example, through market signals such as variable electricity prices.

Presently, system operators are restricted to a regulated framework. In the case of the storage, they
can only own storage systems when they need them to operate the system in a secure way and equivalent
services are not available at the market. However, there are still uncertainties on how regulation will
evolve to this respect, as stated in FlexPlan deliverable D6.1 [91]. By contrast, electricity producers and
consumers may take the decision to install storage or not according to their business models, cost
reduction expectations and additional motivations (e.g. environmental), in the frame of a liberalized
market. Third parties could also think of installing storage to provide services to the network when
economically profitable. Regarding demand response, system operators in Europe are encouraged to use
it as flexibility resource to manage their networks.
Regulators have means to influence the way third party flexibility resources are operated through
national regulation, e.g. wholesale markets (energy markets with zonal or nodal prices, ancillary services
markets and capacity markets), network tariffs (which have an impact on the final electricity price paid
by customers), DR strategies (deployed directly or through suppliers/aggregators), etc. In a similar way,
regulation could favour private investors to place storage, or other resources, in locations where system
operation support is needed.
Considering this last approach, the flexibility resources’ pre-processor tool developed within FlexPlan
needs to identify those locations in the network where investment in flexibility is preferred to avoid
congestions. According to the main cause of the congestion, we could consider two main locations of
resources:


Demand side (sink): when a congestion is related to the limitation of transmitting the
required power level to a demand bus at minimum cost, it can be solved by reducing demand
or by injecting an additional power in the sink bus of the power flow. This can be achieved
with Demand Response strategies or by injecting power from storage.



Production side (source): when a congestion is related to a high production of electricity
and the limitation to transmit it to the demand, it can be solved by increasing the demand at
the source bus of the power flow. This can be achieved by charging the storage (it is not
common to use DR to increase load and it is not normal to have significative loads near RES
generation plants).

The literature is vast on optimum DG placement and sizing, based on minimization of power losses
and voltage stability enhancement in distribution systems [92]. However, in FlexPlan, we focus on
congestion and to identify the best location for storage installation or demand enrolment, we count on the
outputs from an OPF run on the non-expanded network of our case study, which is the base case, the
initial network before the planning optimization procedure takes place.
The OPF provides a constrained solution and, therefore, power flows result below, or at, the capacity
limits of each network asset. In this case, to identify congestions in the network, we use the concept of
Locational Marginal Prices (LMP) and/or Lagrange multipliers, which are both related (See Annex II
for additional details).
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The LMP is defined as the least cost for the power system to service the next increment of demand
(e.g. 1 MW) at a certain location (node/bus), consistent with all power system operating constraints [6].
Its formulation, which stems from the derivative of the objective function of the OPF, defines its following
characteristics that allow to identify congestions throughout the network:


The LMP at each bus is the Lagrange multiplier corresponding to the real power balance
constraint at that bus, evaluated at the optimal solution. The Lagrange multiplier is a result
from the OPF solution.



The LMP can be decomposed in different components (depending on the objective function
and constraints formulation): energy cost (always), congestion cost (always), marginal loss,
security risk (N-1 criterium), etc. (see below).



For an ideal system without losses having unlimited transmission capacity, all LMPs would be
the same price per MW at different locations.



When congestion occurs across a system line, the sink price of an asset rises above the source
price. The higher the LMP price difference is between the two nodes of a line, the more severe
is the congestion.



Congestions vary both spatially and in time within the network.

Two examples are presented below, based on literature, to provide additional information about the
meaning and limitations of the LMP concept, as input to develop the algorithms to find the best locations
for flexibility resources in the network.
In [93], the components of LMPs are identified. The paper permits to have a better understanding on
their meaning. A four nodes network is considered as study case (Figure 7.5).

Figure 7.5 – Study case network in [93]

Some of the characteristics of the case of study are the following:


Generator G4 is cheaper than G1.



By solving the OPF, 3 constraints appear: line 2-3 reaches its power limit; in bus 2, the lower
voltage limit is reached; and in bus 4, the upper voltage limit is reached.

The nodal prices are obtained from the Lagrange multipliers resulting from the OPF. Nodal prices and
Lagrange multipliers are related in the following way, in this case:


The LMPs of nodes 2 and 3, demand buses, are equivalent to the Lagrange multipliers
associated with the equality constraints of those nodes (power flow balances), for the
objective function of the OPF.
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The LMPs of nodes 1 and 4, generation buses, are related to the derivatives of the cost
functions of the generators and to the Lagrange multipliers of the inequality constraints
related to those nodes (voltage limits of the generators in this case), for the objective function
of the OPF.

The following Figure 7.6 shows the LMPs for each of the four nodes in the example network (second
column, total) and their decomposition in terms of additional charges that would come from the marginal
cost of the energy produced by each of the two generators if an additional MW of real power was
requested at that node, plus the charges or compensation (when negative) related to the constraints that
are found in the system.

Figure 7.6 – LMP prices according to study case network in [93]. Case 1.

In the same reference [93], this approach is used to express the nodal marginal prices in other terms,
without considering the voltage constraint impact on LMPs (e.g. i.e. they are viewed as compulsory
conditions not as tradable goods). In this case:

Figure 7.7 – LMP prices according to study case network in [93]. Case 2.

If compared with the previous Figure 7.6, it is observed that the total value of LMPs do not change and
only the share of their value among the cost of generation and charge of constraints is modified.
From this information, it can be concluded that:


Nodal marginal prices indicate both generation and constraints related costs, and they
vary in accordance to the constraints to which the objective function is subject to, i.e. to how
the objective function is defined.



The decomposition of LMPs, which permits to account for the weight of each of the involved
constraints in the price, can be done in different ways. However, the calculated LMP values
do not change as a result of this.

A second example is taken from [94], where it is concluded that the formulation used for the
objective function in the OPF provides different LMP results. In this case, a six node network is
considered as reference:
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Figure 7.8 – Study case network in [94]

The main characteristics of the case study in this reference are the following:


The objective function includes constraints for post-contingency situations (N-1 is assessed).



Risk is included as constraint, by defining a maximum risk, and it is calculated as probability
times severity of the outage.



No voltage constraints are included (only power flow).



Lines B-D and C-E are the limiting elements.



11 “N-1” continencies are defined, 1 per line.

In the reference, this approach is named Security-Constrained Economic Dispatch (SCED). Apart
from this base case, other three scenarios are considered:


High security model (HSM): post-contingency overloading is not allowed (kc=1) and the
system’s overall risk level is lower than that of the reference (kR<1).



Economy security model (ESM): a small overloading is permitted in post-contingency states
(kc=1.05) but the system risk level is not higher than the reference level (kR<1).



High economy model (HEM): relatively large overloading is allowed (kc=1.20) but the system
risk level should not be higher than the system reference risk level (kR=1).

The obtained LMPs for the four scenarios are indicated in the next Figure 7.9 and their total value is
presented in the third column under (R)LMP (where R stands for Risk).
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Figure 7.9 – LMP prices according to study case network in [94]

As result of the OPF, the following can be concluded:


Line B-D is congested.



Nodal prices depend on the consideration or not of the risk in the objective function
and on the constraint relaxation level in post-contingency states:
o

In cases SCED and HSM, the highest LMP happens in bus D because the line B-D is
congested.

o

In cases ESM and HEM, the highest LMP corresponds to node C, because the highest
risk increase for the system happens when 1 MW is injected in C.



As consequence, the best places to activate flexibility resources are B or C depending on
considering the risk of contingency or not.

Summing up, to decide where to locate the flexibility resources, we could use the LMP or
Lagrange multipliers information coming from the OPF. The better we understand the objective
function formulation of the OPF, the better our solution will fit to the objective of the planning process.
Special attention should be paid to the case of distribution systems, where some of the conditions used
normally for LMP calculation in transmission systems (DC OPF model) are not met and, therefore, a
model considering power losses and reactive power might be required to achieve good results (AC OPF
model) [95].
In general, the LMP reference is valid to locate both storage and DR. Storage is more flexible and, in
principle, it can be located anywhere in the network: generation nodes, demand nodes and network
nodes. DR can solve congestions caused by demand and it depends on the existence of flexible loads at a
certain node of the network, with the ability to change the power flow of the congested network asset.
Other flexibility resources that are considered in FlexPlan are phase shifting transformers (PST). In
this case, their utilization is subject to the existence of parallel lines of different impedances between two
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buses. Therefore, their location should come from the identification of congestion in parallel lines with
such a casuistic.

7.3 Sizing of flexibility resources to support congestion management
The sizing of flexibility resources is linked to knowing the characteristics of the congestions affecting a
network asset. The more relevant aspects from the congestion to size a flexibility resource are the
following:


Power requirement: the maximum amount of deviation from the capacity limit in a year.



Energy requirement: the maximum consecutive hours of appearance of the congestion.



Operation intensity: the number of congested hours in a year.

Both the power requirement and the operation intensity could be obtained from the load duration
curves of each network asset. Zooming in Figure 7.1, in the part where the power flow exceeds the
capacity of the asset (e.g. line), Figure 7.10 is obtained. The maximum power requirement would be
provided by the maximum power exceeding the capacity of the asset 4, Pcong, while the operation intensity
would be provided by the number of hours that the capacity is exceeded in a year, hcong. The energy
requirement cannot be extracted from this figure, it needs the assessment of the timely evolution of the
congestion.

Figure 7.10 – Load duration curve. Zoom on

The size of the flexibility resource, in terms of available power and energy, does not need to be the
maximum exceeded power value, Pcong in the figure above and the maximum number of consecutive hours
that the congestion lasts in a year. It can be decided, as design parameter, that the flexibility resource
covers some percentage, under 100%, of the maximum congestion peak and duration.
With respect to the operational intensity, the planning tool should decide which is the best flexibility
resource candidate on yearly basis depending on the occurrence of a congestion. In this case, the
installation of conventional resources, such as new lines, should be assessed.

4 Energy exceeding asset capacity would be detected only in case an OPF is run in which the maximum
asset capacity constraint is disregarded.
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The sizing is also influenced by the existence of additional flexibility resources that have a
remedial impact on the same congested asset. Depending on the case, the sizing could be performed:


Simultaneously: when more than one resource is required in the same area and they have
common areas of influence in the network.



Subsequently: when resources already exist, and a new resource is added in the area.

Considering the results from an OPF as input, the power exceeding line capacity is not available. In this
case, LMPs provide information about marginal costs for the system when injecting power at one node.
This information can be used to locate congestion points in the network, as described above. To correlate
the impact on the system costs with the power required from the flexibility resource to solve the
congestion, an iterative process would be needed, leading to the equalisation of the LMPs of the two
nodes connected by a congested asset.
To avoid an iterative process that would be time consuming and that would not necessarily converge
to an optimum, the preferred option would be to leave the size optimization to the planning tool. If that
were not feasible or if an estimated size should be provided by the pre-processor , approximate means to
size the flexibility resource could be based on defining a percentage of the maximum capacity of the
congested asset, or sizing as a percentage of the cost of a conventional line extension solution (e.g.
maximum cost of a storage as a percentage of the cost to build a new line in that location).
Slack variables5 related to nodes are another result from OPFs that may provide some input on the
power excess causing the congestion on an asset. They collect the power flow balance error in nodes and,
depending on how the OPF problem is defined, they could represent the power linked to RES curtailment
and load shedding. One drawback is that the activation of the slack variables may occur rarely, i.e. they
might be zero in most of the cases, and that congestions solved by the OPF without load shedding or
production curtailment might not be identified. It is to be seen whether and to which extent this
information could be valid as input variable for the design process, on a case per case basis.

Slack variables are typically used in OPF models in order to avoid cases in which some constraints
cannot be satisfied and the calculation would abort by signalling an infeasibility. They are connected to
very high cost fictive generators and loads located in each system node. By adding slack variables, the
solver finds always a solution and the activation of the slack variables can be seen as a way for the
developers to detect where there are data shortcomings (which could derive, e.g., by some scenario
inconsistency).
5
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8 Conclusions
The present report collects the data needed to set the frame and identify the inputs needed for the
development of the flexibility resources pre-processor tool, to be developed in the frame of FlexPlan
project.
The service provision requirements defining the operational strategy of flexibility resources analysed
in this document, together with their technical and economic characterization and the scenario, depicting
the European power system, are the main inputs that the pre-processor tool needs to preselect
candidates for the extension of a network within the FlexPlan project planning optimization procedure.
The assessment of the flexibility resources from the operational strategy perspective helps to define
the size, cost, location and performance of the flexibility resources. All this information can be used by the
planning tool to select the best candidates for network extension among the available options.
The congestion management support is the main service that the flexibility resources should provide
to the system operator, so that they can be included in the network planning procedure. The algorithms
the pre-processor tool should rely upon need to be based on the deep understanding of network
congestion and of the results that the OPF simulation of the network model provides as input. Because the
OPF provides a constrained solution of the system, no information exists about power flow values above
network assets’ capacity limits. This means that power flow values cannot be used as reference for sizing,
because congestions are solved through re-dispatching, production curtailment and/or load shedding,
depending on the settings of the OPF. The Locational Marginal Prices (LMP) or Lagrange Multipliers (LM),
which provide the marginal cost of the system, resulting from injecting power at a node or increasing the
capacity of a line, are the parameters that reflect the existence of a congestion in this environment.
Based on this concept, sizing could be performed by equalising the LMPs of the connected nodes of a
network. However, this procedure, together with the performance assessment of the flexibility resources
in the frame of the congestion support strategy, can only be provided for the non-expanded network, i.e.
for the base case before the planning takes place. The reason for this is that an iterative process able to
optimize the LMPs equalisation and able to recalculate the performance of flexibility resources, in
accordance with the resulting network from the planning optimization process, is expected not be
optimal in terms of computational time and accuracy of results. This involves that the pre-processor can
only provide an approximate sizing and performance assessment (e.g. ageing, in the case of the storage)
solution, as input for the planning process, while the optimum values should be identified by the planning
tool, when possible.
On the other hand, Locational Marginal Prices (LMP),, or related Lagrange Multipliers, are the
parameters that will be used from OPF results to select the best locations to install/activate the flexibility
resources to support congestion. The ranking of these values permits to identify the most congested spots
in the network and, therefore, helps to find where it is more necessary to install or activate a flexibility
resource.
The next step is to define a specification upon which the software of the pre-processor will be
developed, taking the information collected in this report as one of the main references.
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Annex I – PTDF concept basics
Power Transfer Distribution Factors (PTDF) represent the change in the power flow through a
network branch (ij) due to the existence of a new transaction in the system (from bus X to bus Y) [90] or,
in another way, it represents the influence of the power injection in a node on a given line [89].
All the PTDFs of a network can be gathered in matrix format and the power flows through the lines
can be derived from it and from the power injected at the nodes [89]:
𝑃⃗𝑓 = 𝑃𝑇𝐷𝐹 ∗ 𝑃⃗𝑖𝑛𝑗 = 𝑃𝑇𝐷𝐹 ∗ (𝑃⃗𝑔𝑒𝑛 − 𝑃⃗𝑑𝑒𝑚 )

(1)

Where:


𝑃⃗𝑓 is the vector of power flows through the lines.



PTDF is the nodal PTDF matrix
𝑃⃗𝑖𝑛𝑗 is the vector containing the power injection in the nodes.





𝑃⃗𝑔𝑒𝑛 is the electricity production vector.
𝑃⃗𝑑𝑒𝑚 in the demand or load vector.

Two different matrices are defined in [89] and they are explained through examples for the three node
network example in Figure 0.1:

Figure 0.1 – Network example in [89]



Nodal PTDF matrix: it has the nodes of the network in columns and the lines in rows. For a
system with N buses and M branches, the dimension of the nodal PTDF matrix is M x N. One of
the nodes is selected as reference, and it represents the end node of all transactions (it is
considered that the injected power in the rest of the nodes is extracted at this reference
node). An example of a matrix for the three node network in Figure 0.1 from [89] is
represented in Figure 0.2.

Figure 0.2 – Nodal PTDF matrix [89]

Node 2 is the reference bus. The first column indicates the power going through each of the
lines when 1 MW is injected in node 1 and extracted in node 2. When the PTDF is negative, it
shows a reverse power flow, e.g., when injecting 1 MW at node 3 and extracting it at node 2,
the power flow in line 1-3 is of 1/3 MW and goes from node 3 to node 1.
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Nodal transfer PTDF matrix: It takes into account the possible combinations of transactions
between pairs of nodes. For N buses and M branches, it has a dimension of N*(N-1) x M. The
next Figure 0.3 shows an example from [89].

Figure 0.3 – Nodal transfer PTDF matrix [89]

It shows that if we want to transfer 1 MW from buses 1 to 2, line 1-2 would suffer an
additional burden of 2/3 MW and that line 2-3 would be alleviated in 1/3 MW, i.e., the
transfer would have negative impact for line 1-2 and a positive impact for 2-3, especially, if
they would be congested.
Then, the transfer PTDFs between nodes i and j in line n-m can be derived from the two nodal
PTDF values, in the following way [89]:
𝑃𝑇𝐷𝐹𝑖−𝑗,𝑛−𝑚 = 𝑃𝑇𝐷𝐹𝑖,𝑛−𝑚 − 𝑃𝑇𝐷𝐹𝑗,𝑛−𝑚

(2)

Both nodal and transfer PTDF matrices can be related through a connection matrix, L, also called
node-arc incidence matrix, establishing the relation between nodes and transfer pairs as in Figure 0.4.

Figure 0.4 – Connection matrix between nodal and transfer PTDF matrices [89]

The transfer nodal matrix could be derived from the nodal using the connection matrix, L, according to
(3).
𝑃𝑇𝐷𝐹𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 = 𝑃𝑇𝐷𝐹𝑛𝑜𝑑𝑎𝑙 ∗ 𝐿

(3)

A way to calculate the PTDFs is to follow the steps below [90]:
1.

Calculate the power flow of the network.

2.

Add a power injection at the end-node of a transaction.

3.

Calculate a new power flow.

4.

Divide the change of the power flow through network branches, obtained from the
comparison of the results of the two power flow calculations, by the amount of the power
injection.

Another way to calculate PTDFs, from network characteristics information, is presented in Annex II.
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Annex II – Local Marginal Prices (LMP) and Lagrange
Multipliers (LM)
The Local Marginal Price (LMP) or nodal price at a bus in the network represents the marginal cost
of the system caused by an increment of real power at that bus [93]. This concept has been implemented
in many electricity markets to determine the optimal dispatch of production units [94].
LMPs are derived from an Optimal Power Flow (OPF), either of an AC model or of a DC model [6].
While the AC OPF model is more accurate, it has a higher divergence risk and it is slower than the DC
model. The DC model is widely used for system planning and LMP forecasting [6].
The AC OPF problem is formulated as an objective function, which if written as cost equation (e.g.
generation cost plus environmental cost…) should be minimized and if written as benefit (e.g. social
welfare), it should be maximized. Here, we introduce an example considering the first case, where the
objective function is defined by the operational costs of electricity production [6]:
∑ 𝐶𝑖 (𝑝𝑖 )

(4)

𝑖∈𝐼

Where:


𝐶𝑖 (𝑝𝑖 ): generator i’s total cost of supplying power pi in hour h.



𝐼: set of generators in the power system.

The minimization of the previous function is subject to several network constraints, which can be
divided in two types:


Equality constraints: power balance equations at nodes (active and reactive power).
𝑃𝑖𝑗 + 𝐷𝑗 − ∑𝑖∈𝐼𝑗 𝑝𝑖 = 0

for j = 1 to N

𝑄𝑖𝑗 + 𝑄𝑗 − ∑𝑖∈𝐼𝑗 𝑞𝑖 = 0

for j = 1 to N

(5)
(6)

Where:



o

𝑃𝑖𝑗 , 𝑄𝑖𝑗 : real and reactive power flowing out of node j through branches.

o

𝐷𝑗 , 𝑄𝑗 : real and reactive power demand load at bus j.

o

𝑝𝑖 , 𝑞𝑖 : real and reactive power generation at bus j.

o

Ij: set of generators connected to bus j.

o

N: number of buses in the network

Inequality constraints: in general, branch power flow limits and voltage magnitude and
angle limits. For a generic magnitude, g, at a node or branch, j:
𝑚𝑖𝑛
𝑚𝑎𝑥
𝑔𝑚
≤ 𝑔𝑚 ≤ 𝑔𝑚

for m = 1 to M

(7)

The Lagrangian function of the AC OPF problem formulates the objective expression subject to the
constraints, in a way that it permits to find the value that minimizes the function through finding its
derivative. In the example [6]:
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𝑁

ℒ = ∑ 𝐶𝑖 (𝑝𝑖 ) − ∑ 𝜋𝑗 (−𝑃𝑖𝑗 − (𝜉𝑗 + 𝐷𝑗 ) + ∑ 𝑝𝑖 )
𝑖∈𝐼

𝑗=1

𝑖∈𝐼𝑗
𝑁

− ∑ 𝜆𝑗 (−𝑄𝑖𝑗 − 𝑄𝑗 + ∑ 𝑞𝑖 )
𝑗=1
𝑀

𝑖∈𝐼𝑗

𝑢𝑝
𝑚𝑎𝑥
− ∑ 𝜇𝑚 (𝑔𝑚
− 𝑔𝑚 )
𝑚=1
𝑀
𝑙𝑜𝑤 (𝑔𝑚𝑖𝑛
+ ∑ 𝜇𝑚
𝑚 − 𝑔𝑚 )

(8)

𝑚=1
𝑢𝑝
− ∑ 𝜏𝑖 (𝑝𝑖𝑚𝑎𝑥 − 𝑝𝑖 )
𝑖∈𝐼

+ ∑ 𝜏𝑖𝑙𝑜𝑤 (𝑝𝑖𝑚𝑖𝑛 − 𝑝𝑖 )
𝑖∈𝐼
𝑢𝑝
− ∑ 𝜔𝑖 (𝑞𝑖𝑚𝑎𝑥 − 𝑞𝑖 )
𝑖∈𝐼

+ ∑ 𝜔𝑖𝑙𝑜𝑤 (𝑞𝑖𝑚𝑖𝑛 − 𝑞𝑖 )
𝑖∈𝐼

Where:


𝜉𝑗 : variable set to zero used to evaluate the real load increase at bus j and derive the LPM.



𝜋𝑗 : Lagrange multipliers related to the active power balance constraint.



𝜆𝑗 : Lagrange multipliers related to the reactive power balance constraint.



𝑙𝑜𝑤
𝜇𝑚 , 𝜇𝑚
: Lagrange multipliers related to the upper and lower bounds of the branches and

𝑢𝑝

voltages operating constraints.


𝑢𝑝

𝜏𝑖 , 𝜏𝑖𝑙𝑜𝑤 : Lagrange multipliers related to the upper and lower limits of the generator real
power output.



𝑢𝑝

𝜔𝑖 , 𝜔𝑖𝑙𝑜𝑤 : Lagrange multipliers related to the upper and lower limits of the generator
reactive power output.

In [6], the LMP is defined as the least cost to service the next increment of the demand at a location,
considering all system operation constraints. This definition is coherent with the one presented at the
beginning of the section. According this, LMPs for a node can be calculated from the derivative of the
Lagrangian function with respect to the load variation at the node. Following the envelop theorem, the
following expression is obtained [6]:
𝐿𝑀𝑃𝑗 =

𝜕ℒ
| = 𝜋𝑗
𝜕𝜉𝑗 𝜒∗

(9)

Where 𝜒 ∗ is the solution vector consisting of the optimal values for decision variables. Therefore, the
real power LMP at each bus j is the Lagrange multiplier associated with the real power balance constraint
for that bus.
The real and reactive power flow balance constraints involve a set of nonlinear algebraic equations
and this may cause convergence difficulties and a long simulation time issues. For this reason, the DC OPF
model is used commonly to calculate LMPs, as an approximation to the AC OPF model [6].
By contrast to the AC version, in the DC OPF model reactive power flow equations do not exist and the
following assumptions are normally considered [6]:
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The resistance of branches is neglected (because it is much smaller than its reactance). This is
true for transmission lines. This involves that the effect of the power loss is not included, even
if some studies propose ways to account for it.



The bus voltage magnitude is one per unit.



The voltage angle difference between the nodes of a branch is small, which permits to take the
following simplifications:
sin(𝛿𝑖 − 𝛿𝑗 ) ≈ 𝛿𝑖 − 𝛿𝑗

(10)

cos(𝛿𝑖 − 𝛿𝑗 ) ≈ 1

(11)

According to a reference cited by [6], the DC OPF model provides acceptable results, in comparison
with the AC OPF model, if the branch power flow is not very high, the voltage profile is quite flat, and the
resistance-reactance ratio of branches is below 0.25. This might be hard to achieve in distribution
networks and several ways to address this issue are proposed in literature [95]. In general, in these
networks, both losses and reactive powers should be considered in the OPF model (AC OPF model, with
losses).
Considering the assumptions presented above, the equation (5) turns into (12):
∑𝑁
𝑖=1,𝑗≠𝑖 [

𝛿𝑗 −𝛿𝑖
𝑥𝑗𝑖

] = ∑𝑖∈𝐼𝑗 𝑝𝑖 − 𝐷𝑗 = 𝑃𝑗 − 𝐷𝑗

for j = 1 to N

(12)

And, the power flow in branch ij can be represented by (13):
𝑃𝑖𝑗 =

𝛿𝑖 − 𝛿𝑗
𝑥𝑖𝑗

(13)

This means that the power flow can be approximated as a linear function of the voltage angle
difference between bus k and bus m [6]. In this case, there are no voltage magnitude constraints because
all voltage magnitudes are assumed to be 1 per unit (p.u.).
Equation (12) can be written in matrix form to address all power balance equations in the system,
(14).
𝐵∗𝛿 =𝑃−𝐷

(14)

Where:


P: N size column vector of nodal active power generation in buses 1 to N.



D: N size column vector of nodal active power load in buses 1 to N.



B: NxN size matrix containing the susceptances of the network branches, consisting of the
following diagonal and non-diagonal elements:
𝑁

𝐵𝑗𝑗 = ∑
𝑖=1,𝑖≠𝑗

𝐵𝑗𝑖 = −


1
𝑥𝑗𝑖

(15)

1
𝑥𝑗𝑖

(16)

𝜹: N size column vector of voltage angles for buses 1 to N.

Equation (14) is called full-structured DC power flow model.
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Considering bus N, as the reference bus, and setting on it the voltage angle to zero, 𝛿𝑁 = 0, equation
(14) can be expressed in its reduced form by eliminating the row N in vector columns P, D and 𝛿 (size N1), and row and column N in matrix B (size N-1 x N-1) [6].
𝐵𝑟 ∗ 𝛿𝑟 = 𝑃𝑟 − 𝐷𝑟

(17)

In a lossless system, the power balance at the reference can be calculated as follows:
𝑃𝑁 − 𝐷𝑁 = −Ε(𝑃𝑟 − 𝐷𝑟 )

(18)

Where Ε is a row vector of size (N-1) with all elements equal to one, 1.
In the DC OPF model, the power flow through branch ij is given in (13). Considering M as the number
of branches in the system, the power flows of all system branches can be obtained in matrix format
through the following expression (19) [6]:
𝐹 =𝛽∗𝛿

(19)

Where:


F: size M column vector of branch flows.



𝛽: HxA matrix determined by the characteristics of the network:
o

H: MxM size matrix which non-diagonal elements are zero and diagonal elements are
the negative of the susceptance of each branch, i.e., the iith diagonal is the negative of
the susceptance of the ith branch.

o

A: MxN matrix, called node-arc incidence matrix, which relates arcs (branches with
flow direction from i to j, information from the power flow is needed) and nodes. In
this case, arcs are in rows and nodes in columns (normally is the other way around,
NxM) and, in the row corresponding to arc ij, it contains +1 in the column
corresponding to node i (from) and a -1 in the column corresponding to node j (to),
according to the power flow direction [96].

Combining equations (17) and (19), the following relationship is obtained:
𝐹 = 𝑇(𝑃 − 𝐷)

(20)

Where:


T: is a MxN matrix with TmN = 0 for m = 1 to M, calculated from 𝛽 and Br-1, by adding an
additional row and column of zero elements to this last matrix:
−1

𝑇 = 𝛽 [𝐵𝑟
0

0]
0

(21)

Equation (20) is called reduced-form DC power flow model and it relates directly power flows to
bus power injections, i.e., T is the PTDF matrix defined in the previous Annex I also called Generation
Shift Factor (GSF) matrix or sensitivity factor matrix. To calculate the power flow in a branch:
𝐹𝑙 = ∑𝑁
𝑗=1 𝑇𝑙𝑗 (𝑃𝑗 − 𝐷𝑗 ) for l = 1 to M

(22)

If the power in injection in node j would be increased, while the rest of production and demand would
stay constant, then the increase of power flow in branch, l, could be calculated as:
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Δ𝐹𝑙 = 𝑇𝑙𝑗 Δ𝑃𝑗

(23)

The change in real power injection at bus j is compensated by an opposite change in the real power
injection at the reference bus, N: PN – ΔPj.
Considering the full structured model in (14), the Lagrangian function for the optimization
problem of the DC OPF is formulated through the following expression, (24) [6]:
ℒ = ∑ 𝐶𝑖 (𝑝𝑖 )
𝑖∈𝐼

𝑁

𝑁

− ∑ 𝜋𝑗 (∑ 𝑝𝑖 − ∑ [
𝑗=1

𝑖∈𝐼𝑗

𝑖=1,𝑗≠𝑖

𝛿𝑗 − 𝛿𝑖
]
𝑥𝑗𝑖

− (𝜉𝑗 + 𝐷𝑗 ) +)
𝑢𝑝

− ∑ 𝜇𝑗𝑖 (𝐹𝑗𝑖𝑚𝑎𝑥 −
𝑗𝑖
𝑙𝑜𝑤
+ ∑ 𝜇𝑗𝑖
(𝐹𝑗𝑖𝑚𝑖𝑛 −
𝑗𝑖

𝛿𝑗 − 𝛿𝑖
)
𝑥𝑗𝑖

(24)

𝛿𝑗 − 𝛿𝑖
)
𝑥𝑗𝑖

𝑢𝑝
− ∑ 𝜏𝑖 (𝑝𝑖𝑚𝑎𝑥 − 𝑝𝑖 )
𝑖∈𝐼

+ ∑ 𝜏𝑖𝑙𝑜𝑤 (𝑝𝑖𝑚𝑖𝑛 − 𝑝𝑖 )
𝑖∈𝐼

Considering the derivative of the Lagrange function in (24), the LMP value is calculated as in (9).
When the reduced-form DC OPF model is considered, equation (20), the Lagrangian function takes
the following expression (25) [6]:
𝑁

ℒ = ∑ 𝐶𝑖 (𝑝𝑖 ) − 𝜋 ∑(𝑃𝑗 − 𝜉𝑗 − 𝐷𝑗 )
𝑖∈𝐼

𝑗=1
𝑀
𝑢𝑝

− ∑ 𝜇𝑙 (𝐹𝑙𝑚𝑎𝑥
𝑙=1
𝑁−1

− ∑ 𝑇𝑙𝑗 (𝑃𝑗 − 𝐷𝑗 − 𝜉𝑗 ))
𝑗=1

(25)

𝑙𝑜𝑤
+ ∑ 𝜇𝑗𝑖
(𝐹𝑗𝑖𝑚𝑖𝑛
𝑗𝑖
𝑁−1

− ∑ 𝑇𝑙𝑗 (𝑃𝑗 − 𝐷𝑗 − 𝜉𝑗 ))
𝑗=1
𝑢𝑝
− ∑ 𝜏𝑖 (𝑝𝑖𝑚𝑎𝑥 − 𝑝𝑖 )
𝑖∈𝐼

+ ∑ 𝜏𝑖𝑙𝑜𝑤 (𝑝𝑖𝑚𝑖𝑛 − 𝑝𝑖 )
𝑖∈𝐼

In this case, the LMPs are calculated as follows [6]:
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𝑀𝐶𝐶𝑗

𝐿𝑀𝑃𝑗 =

𝜕ℒ
|
𝜕𝜉𝑗 𝜒∗

⏞ 𝑀
𝑀
𝑢𝑝
= 𝜋 − ∑ 𝜇𝑙 𝑇𝑙𝑗 + ∑ 𝜇𝑙𝑙𝑜𝑤 𝑇𝑙𝑗 ∀ 𝑗
≠𝑁

𝐿𝑀𝑃𝑗 =

𝑙=1

(26)

𝑙=1

𝜕ℒ
| =𝜋
𝜕𝜉𝑗 𝜒∗

(27)

𝑗=𝑁

Where:


𝜋: represents the marginal cost of energy at reference bus N.



MCCk: component of the LMP representing the marginal cost of congestion (MCC) at bus j
relative to the reference bus N.
𝑢𝑝

The difference 𝜇𝑙 − 𝜇𝑙𝑙𝑜𝑤 is the branch or Flowgate Shadow Price (FSPl), which is equal to the
reduction in minimized total variable cost that results from an increase of 1MW in the capacity of the
branch, l. Therefore, the MCC component of the cost can be expressed as (28) [6]:
𝑀

𝑀
𝑢𝑝

𝑀𝐶𝐶𝑗 = − ∑ 𝑇𝑙𝑗 𝐹𝑆𝑃𝑙 = − ∑ 𝑇𝑙𝑗 (𝜇𝑙 − 𝜇𝑙𝑙𝑜𝑤 )
𝑙=1
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𝑙=1
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