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Executive summary 

This deliverable explains how the solutions proposed within ELECTRA can be tailored to typical 

rules that will be imposed by national regulators. To support the Web-of-Cells development in the 

2030+ horizon, an evolution of the regulatory framework and current roles and responsibilities 

could be needed. The challenge is thus to explain how the Web-of-Cells architecture, high level 

Use Cases (i.e., balancing and voltage control mechanisms), and the Cell System Operator new 

role can be tailored to the regulatory framework, and vice versa. In detail, the following items are 

considered: 

ǒ The deliverable defines an adapted legal framework for the Web-of-Cells development, 

taking into account new stakeholder roles and obligations. In such a context, definitions and 

constraints are analyzed for the Web-of-Cells architecture and high-level Use Cases, to be 

adapted to the mandatory regulation. New amendments are also proposed to the applicable 

regulation to support/promote the Web-of-Cells architecture and Use Cases. 

ǒ The deliverable identifies the regulation implications for the development of market design 

for the Web-of-Cells. 

 

Through its decentralized paradigm, the Web-of-Cells concept results to be in line with the current 

EU regulatory framework and would allow to achieve a precise regulation at non-transmission 

level, by promoting a more active role of DSOs. This latter is due to the fact that in the Web-of-

Cells both DSO and TSO will be Cell System Operators with the same level of responsibility over 

their corresponding cells, where the cell set-points explicitly take into account the capacity 

limitations of the inter-cell tie-line connections. With reference to the Use Cases developed in 

ELECTRA, there is a clear impact of network codes and established requirements on most of 

them, thereby defining the need of the amendments proposed to the current regulation to make the 

Web-of-Cells feasible from the regulatory point of view. However, this new control architecture can 

be adapted (with the necessary changes) to the requirements of the corresponding Synchronous 

Area, by customizing the ELECTRA Use Cases in the related geographic area. As for the roles and 

responsibilities in the Web-of-Cells architecture, the Cell System Operator new role can be 

interpreted by the traditional DSOs or TSOs. Most of the responsibilities identified in the functioning 

of the Web-of-Cells, both in the reserve procurement and real-time operation phases, can be 

allocated to the Cell System Operator. However, beyond the key new Cell System Operator role, 

other new roles with specific responsibilities (e.g., aggregators) are also needed for the Web-of-

Cells development. In such a context, some adaptations of the current relevant regulations are also 

proposed to be implemented.  

The results of the analysis of the Market Design Initiative of the Winter Package and ENTSO-E 

Network Codes for market design show that the Web-of-Cells concept should respect the high-

level EU regulations, which are related to the general principles regarding the operation of 

wholesale electricity markets, including market for system balancing products. However, new rules 

are identified for a well-functioning market of frequency and voltage control services under the 

Web-of-Cells power grid structure, by also improving the market transparency. This latter issue 

should be addressed by regulating: qualitative requirements for data; minimum data set and its 

availability for the Merit order collection and the Merit order decision making; roles for the actors 

regarding data and information collection, provision, aggregation, use and publish; data placement; 

and data and information publication.  
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Terminologies 

Abbreviations 

ACE Area control error 

ACER Agency for cooperation of energy regulators 

aFCC Adaptive frequency containment control 

AS Ancillary services 

AVR Automatic voltage regulator 

BRC Balance restoration control 

BRP Balance responsible party  

BSC Balance steering control 

BSP Balance service provider 

CACM Capacity allocation and congestion management 

CC Cell controller 

CoBA Coordinated balancing area 

CPFC Cell power frequency characteristics 

CSO Cell system operator 

DER Distributed energy resources 

DG Distributed generation 

DC Direct current 

DCC Demand connection code 

DSO Distribution system operator 

EB Electricity balancing 

ED Energy directive 

EED Energy efficiency directive 

ESI Energy system integration 

EV Electric vehicles 

EU European Union 

FCC Frequency containment control 

FCP Frequency containment process 

FCR Frequency containment reserve 

FRC Frequency restoration control 

FRCE Frequency restoration control error 

FRP Frequency restoration process 

FRR Frequency restoration reserve 

HV High voltage 

IEM Internal energy market 

IRPC Inertia response power control 
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LFC Load frequency control 

LFCR Load frequency control and reserves 

LOM Loss of mains 

LV Low voltage 

LVRT Low voltage ride-through 

MCP Market clearing price 

MDI Market design initiative 

MOC Merit order collection 

MOD Merit order decision 

MV Medium voltage 

NC  Network code  

NC DCC Network code on demand connection 

NC EB Network code on electricity balancing 

NPFC Network power frequency characteristic 

NRA National regulatory authority 

OLTC On-load tap changer 

OS Operational security 

PGM Power generating module 

PMU Phasor measurement unit  

PPM Power park module 

PPVC Post-primary voltage control 

PVC Primary voltage control 

P2G Power to gas 

RED Renewable energy directive 

RES Renewable energy sources 

RfG Requirements for generators 

RoCoF Rate of change of frequency  

RR Replacement reserves 

RRP Reserve replacement process  

SO System operator 

SPGM Synchronous power-generating module 

TPEMI Transparency platform for electricity market information 

TPlat 
Transparency platform for balancing and voltage control 
services market information 

TSO Transmission system operator 

TYNDP Ten-year network development plan 

UC Use case 

WoC Web-of-Cells 
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1. Introduction 

The current grid management structure and organization for frequency and voltage control, with 

the transmission system operator (TSO) being responsible for reserves activation in its control 

area, will not be effective for addressing several emerging challenges essentially related to the 

increasing penetration of distributed generation (DG) in power systems. According to the several 

future scenarios identified in D3.1 [1, 2], the main aspects of the future trends include: 

ǒ Generation will shift from classical dispatchable units to variable renewables, and this will 

result in a paradigm shift from generation following load to load following generation, and in 

the increased need for balancing reserves activations; 

ǒ Generation will generally shift from centralized/transmission system connected to 

decentralized/distribution system connected. This will result in: more generation at LV and 

MV level increasing the risk of local voltage problems and congestions; resources which can 

help in solving voltage and balancing problems moving from the central transmission system 

level (HV) to the distribution system level (MV/LV); a central system operator (SO) at 

transmission level no longer having the system overview to effectively dispatch reserves; and 

the distribution and availability of resources varying significantly in different geographical 

areas; 

ǒ Generation will shift from a few large to many smaller DG units connected at distribution 

level, resulting in: more locations where incidents can happen, which can remain unnoticed 

at the global system level; and a shift from synchronous generators to power electronics 

interfaced generation, reducing the power system inertia and causing a higher rate of change 

of frequency (RoCoF), more spurious tripping of protection relays, and short activation times 

for frequency containment reserves (FCR); 

ǒ Electricity consumption will increase especially due to the electrification of transport and 

heating/cooling (e.g., through heat pumps), and this results in the increase of the risk of 

demand peaks, voltage problems and congestions; 

ǒ Electrical storage systems will be a cost-effective solution for offering ancillary services (AS), 

thereby making distributed storage a competitive solution for reserve services compared to 

traditional resources [3]; 

ǒ Ubiquitous sensors will vastly increase the power system observability, and this will result in 

many measurement points at all voltage levels provided by Phasor Measurement Units 

(PMUs), smart metering infrastructures and other advanced power/energy measurement 

devices; 

ǒ Large amounts of fast reacting distributed energy resources (DER) (can) offer reserve 

capacity thereby offering capability as a service (e.g., balance restoration, frequency 

containment) to grid operators and market parties [4]. 

Based on these scenarios, it is expected that the future frequency and voltage control can no 

longer be effectively managed in a TSO-centric manner. In such a context, the Web-of-Cells (WoC) 

concept was born, which is mainly based on a decentralized paradigm, where the power system is 

divided in grid areas (i.e. Cells), which can provide local balancing and voltage control with the 

purpose of solving local problems locally. However, with reference to the current European Union 

(EU) regulatory framework, several questions arise: 

ǒ Is the WoC in line with the current regulatory framework or is it a disruptive concept? 

ǒ What are the current regulations impacting on the WoC? 

ǒ Which are the main constraints to be considered in a WoC architecture? Does the current 

regulatory framework cover them? 

ǒ Are the current responsibilities respected? 
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ǒ Are the current regulation (including ENTSO-E network codes) adaptable in a WoC 

architecture? If not, how to amend them? 

ǒ What are the regulation implications for the development of the market design for the WoC? 

 

Therefore, the aim of this Deliverable D3.3 is to explain how the WoC architecture, high level Use 

Cases (i.e., balancing and voltage control mechanisms), and the new Cell System Operator (CSO) 

role can be tailored to the regulatory framework, and vice versa, thereby answering the above 

questions. 

In the following, Section 1 introduces the aim and scope of the Deliverable D3.3. Section 2 

introduces a critical assessment of the European Regulatory framework for the electricity sector 

including the main Directives and the Winter Package, the ENTSO-E network codes, the 

integration with non-electrical energy carriers and the regulation at non-transmission level, with the 

aim of identifying the potential implications for the WoC. Section 3 describes in detail the current 

regulatory prescription as well as the current involved stakeholders with specific roles and 

responsibilities, with reference to the WoC and high level Use Cases (i.e., balancing and voltage 

control mechanisms). The aim is to identify possible barriers and allocate responsibilities, thereby 

detecting the needed changes to make the WoC feasible from the regulation point of view.  Section 

4 analyzes the needed modifications in stakeholders roles and responsibilities to enable the WoC 

development, and proposes possible extensions and/or amendments in the regulatory framework 

to support/promote the Web of Cells architecture. Section 5 discusses the regulation implications 

for the development of market design for the WoC. Finally, Section 6 concludes with the learning 

and new knowledge derived from this analysis. 
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2.  EU regulatory framework and implications for the Web-of-

Cells: a general overview  

2.1 European Directives for the electricity sector and the Winter Package 

The EU has set ambitious goals for designing its whole energy system from 2020 up to the middle 

of the 21st century. In view of the fundamental transformation needed to deliver a sustainable 

Europe by 2050, crucial changes are required. Several regulations and European Directives have 

encouraged such changes, emphasizing electricity as a crucial enabler for economic growth. 

These Directives refer to four different energy packages addressing the unbundling of the electrical 

sector (first package), the promotion of renewables and the network access conditions for cross 

boundary electricity exchanges (second package), common rules for a single electricity market in 

Europe (third package), and a redesign of the European electricity market, the updating of the 

energy efficiency labelling, and the revising of the EU Emissions Trading System (energy summer 

package). Therefore, these Directives support the three European energy policy pillars, which are: 

the security of supply, sustainability, and market efficiency, as well as the related short-term energy 

policy targets for 2020. 

On 30 November 2016, the Commission published a new energy package, so-called óWinter 

Packageô of eight proposals to facilitate the transition to a óclean energy economyô and to reform 

the design and operation of the European Unionôs electricity market. This bumper package of 

proposals can be grouped into three categories: proposals amending existing energy market 

legislation; proposals amending existing climate change legislation; and proposals for new 

measures. 

The first category of measures is aimed to bringing about a new market design ï also known as 

the market design initiative (MDI) - and includes a new directive amending and repealing Directive 

2009/72 (E-Directive), a new regulation on the internal electricity market, amending and repealing 

Regulation 714/2009 (E-Regulation), as well as a new regulation repealing Regulation 713/2009 on 

the ACER (ACER Regulation), usually referred to as the third package of electricity market 

liberalization measures. Certain measures are intended to enter into force and to apply as from 1 

January 2020, while for others, such as the recast ED, no timetable for transposition has yet been 

indicated [5]. 

The second category of measures aims to better align and integrate climate change goals into this 

new market design. This category includes a fully revised Renewables Directive 2009/28 (RED) 

and a fully revised Energy Efficiency Directive 2012/27 (EED), both to enter into force on 1 January 

2021. Lastly, the proposal for a new regulation on risk-preparedness in the electricity sector (the 

Risk Regulation) and a proposed regulation on Governance of the Energy Union (the Governance 

Regulation) (both to enter into force on 1 January 2021) are entirely new measures. 

In more detail, the package includes 8 different legislative proposals, i.e.: 

ǒ Proposal for a recast of the Internal Electricity Market Directive; 

ǒ Proposal for a recast of the Internal Electricity Market Regulation; 

ǒ Proposal for a recast of the ACER Regulation; 

ǒ Proposal for a Regulation on Risk-Preparedness in the Electricity Sector and Repealing the 

Security of Supply Directive; 

ǒ Proposal for a recast of the Renewable Energy Directive; 

ǒ Proposal for a revised Energy Efficiency Directive; 

ǒ Proposal for a revised Energy Performance of Buildings Directive; 
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ǒ Proposal for a Regulation on the Governance of the Energy Union. 

Therefore, the package has three main goals: 

ǒ Putting energy efficiency first; 

ǒ Achieving global leadership in renewable energies; 

ǒ Providing a fair deal for consumers. 

The key areas of these proposals, which are considered most relevant for the WoC concept 

development, are summarized in the following: 

ǒ Creating an enabling framework for further deployment of renewables in the Electricity 

Sector: by 2030, half of European electricity should be renewable. The share of renewable 

electricity has already increased up to 29%, and accounts for over 85% of Europeôs 

generation investments. The dramatic cost reduction of renewable power technologies (solar 

modules and wind technology prices have declined respectively by 80% and 30-40% 

between 2009 and 2015), and the expected further cost reductions will bring additional cost-

competitive capacity in the system. A further increase of renewables will make the electricity 

sector more inclusive, more diverse and more secure. In this context, the approach to 

renewables deployment should be increasingly market-based, untapped technological and 

geographical potentials need to be exploited, innovation must continue and investors must be 

provided with certainty and visibility. All these elements will contribute to the cost-effective 

deployment of renewable energy. The WoC concept is fully in line with this area of action, 

since the 2030 EU target can only be reached if solutions are found to keep the electricity 

system stable while having larger shares of renewable energy connected to the network at all 

voltage levels. The WoC actually facilitates RES integration through decentralized control 

aiming to solve local problems locally by also managing the intermittency and uncertainty of 

RES and efficiently operating this type of generation; 

ǒ Putting consumers at the heart of the energy market. In particular, attention is given to local 

energy communities as an efficient way of managing energy at community level by 

consuming the electricity they generate either directly for power or for (district) heating and 

cooling, with or without a connection to distribution systems. These targeted solutions will 

push self-consumption of local generation to optimal levels that have strong local 

characteristics, and can be made possible only through an effective distributed control acting 

at local level, which is the underpinning concept of the WoC; 

ǒ Allowing Distribution System Operators (DSOs) to manage some of the challenges 

associated with variable generation more locally (e.g. by managing local flexibility resources). 

This concept is the core of the WoC concept based on the paradigm of solving local 

problems locally (reducing losses, mitigating congestion risks, limiting communication data 

volume, cost and time), which as well allows for a more optimal use of the available grid 

capacity thanks to a divide-and-conquer benefit; 

ǒ Improving the connection between DSO and TSO by having a legislative framework able to 

ñensure that all necessary information and data, e.g. regarding the daily operation and long-

term planning of the networks, is shared, and that the use of distributed resources is 

coordinated. The aim is to ensure cost-efficiency and secure and reliable operation of the 

networksò. Based on the concept of local problems solved locally in the cell, complexity and 

communication issues are limited (e.g., no intensive bidirectional communication between the 

DSO(s) and conventional centralised TSO is required for reserve activation), and there is no 

need to expose local problems at global system level. Both DSO and TSO will be CSO with 

the same level of responsibility over their corresponding cells, where the cell setpoints 

explicitly take into account the capacity limitations of the inter-cell tie-line connections.  



Project ID: 609687 

 

15/03/2018                                                                                                              Page 15 of 96 

2.2 ENTSO-E Network Codes 

Network codes are a set of rules drafted by ENTSO-E, with guidance from ACER, to facilitate the 

harmonization, integration and efficiency of the European electricity market. Each network code is 

an integral part of the drive towards completion of the internal energy market, and achieving the 

European Unionôs ñ20-20-20 energy objectivesò of [6]: 

ǒ At least a 40% cut in greenhouse gas emissions compared to 1990 levels; 

ǒ At least a 27% share of renewable energy consumption; 

ǒ At least 27% energy savings compared with the business-as-usual scenario. 

The codes belong to three families: 

ǒ Connection, 

ǒ Operations, 

ǒ Market. 

Figure 1 summarizes the codes that have entered into force in the three families, whereas Table 1 

provides the main details of the codes with potential implications for the WoC. 

 

Figure 1: ENTSO-E codes families [6] 

Table 1: Overview on main research interest in each ENTSO-E codes families and implications for the 
Web-of-Cells 

Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

Connection/ 

Requirements 

for generators 

(RfG) 

Harmonizes 

standards that 

generators must 

respect to connect 

to the grid. These 

harmonized 

standards across 

Europe will boost 

the market of 

generation 

technology and 

increase 

competitiveness. 

Commission 

Regulation (EU) 

2016/631 of 14 April 

2016  

At present, the integration of new generators has to be done 

guaranteeing the systemôs security and stability. To that end, 

the generators must comply with some minimum technical and 

operational requirements for their connection to the system. 

Each new generator, according to its class (A to D) should be 

able to fill its own requirements in terms of active/reactive 

power capability, behaviour in case of abnormal conditions, 

allowed disconnection, system restoration requirements, etc. 

The class of a generator is defined by the significance of its 

impact in the system, the type of generating source 

(synchronous or converter-coupled), or the specific 

characteristics of the grid where they are going to be 

connected.  

All these conditions currently existing in the code are 

compatible with the WoC, but the controllers of the voltage and 

balance control schemes (aFCC/BRC/BSC/PPVC) must be 

tuned to fulfil with the requirements of the code for both steady-
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Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

state and dynamic response. 

Moreover, the WoC should also be consistent with the update 

process (each 2 years) to revise the thresholds established in 

the present document. 

Connection/ 

Demand 

connection  

Sets harmonized 

requirements for 

connecting large 

renewable energy 

production plants as 

well as demand 

response facilities.  

Commission 

Regulation (EU) 

2016/1388, of 17 

August 2016 

This Regulation establishes a network code which lays down 

the requirements for grid connection of: 

a) Transmission-connected demand facilities; 

b) Transmission-connected distribution facilities; 

c) Distribution systems, including closed distribution systems; 

d) Demand units, used by a demand facility or a closed 

distribution system to provide demand response services to 

relevant system operators and relevant TSOs. 

It also defines the responsibilities of the system operators 

concerning the verification of the code compliance by the 

demand facilities owners. The TSOs must be aware of the 

conditions to be fulfilled and must reject the possible connection 

of facilities not fulfilling the code or which simulation models 

have not been validated for static and dynamic operation. The 

demand response services that can be provided include 

active/reactive power control, frequency control or fast active 

power control. 

These responsibilities can be considered easily transferable 

from TSO to future CSOs in the WoC context. This code poses 

potential implications for the WoC that has to be considered 

and matched. For example, the code requires a response time 

for the very fast active power control of 2 s, and the operation 

times in WoC framework for the aFCC have been defined with 

a time response between 2 s - 5 s (that would include also the 

slower aFCC response of some generators compared to the 

demand response) [7]. 

When applying this Regulation, Member States, competent 

entities and SOs shall apply the principle of optimization 

between the highest overall efficiency and lowest total costs for 

all parties involved.  

This last point could be ensured by a cost-benefit analysis 

whose details are defined in the document. Accordingly, the cell 

associated to a CO has to be able to provide all the needed 

data required in the document to the platform to ensure the 

objectives established in the code. 
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Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

Connection/ 

High voltage 

direct current 

connections 

Specifies 

requirements for 

long distance direct 

current (DC) 

connections.  

Commission 

Regulation (EU) 

2016/1447, of 26 

August 2016 

The HVDC code has a similar structure to the RfG code but 

focusing on the specific conditions for the connection of HVDC 

systems. It settles the technical specifications for the 

active/reactive power control provision, disconnection 

allowance, obligations to provide synthetic inertia, etc. 

Additionally, it regulates the information exchanges. 

Once again, the implications for the WoC are related with the 

parameters that the voltage and frequency/balance controllers 

must fulfill in these characteristic systems (droops, normal 

operating ranges, rampings). However, it is noted that, similarly 

to what happens in the RfG, the voltage and frequency 

requirements depend on which is the synchronous area where 

the HVDC system is connected. For example, the steady state 

voltage values range from 0.88 p.u. to 1.15 p.u., depending on 

the synchronous area. The voltage control use case within 

ELECTRA has considered a safe band of 0.95 p.u.-1.15 p.u. 

This means that a simple modification of the parameters with 

no important impact over the original use case definition would 

make the future WoC voltage control compatible with this 

Regulation.  

Operations/ 

Emergency and 

restoration 

Fixes the processes 

that TSOs must 

follow when they 

face an incident on 

their grid. The 

highest standards 

and practice in 

dealing with 

emergency 

situations will thus 

apply in all Europe.  

Commission 

Regulation (EU) 

2017/2196 of 24 

November 2017 

The code focuses on blackouts, restoration and emergency 

states, whereas ELECTRAôs focus is on normal operation. 

Therefore, analysis of its implications for the WoC is out of 

scope of this work.  
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Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

Operations/ 

System 

operations 

Sets out the 

requirements 

concerning 

operational security, 

coordination 

between TSO/TSO 

and TSO/DSO and 

related data 

exchanges. It also 

deals with the 

requirements for the 

scheduling between 

the TSOôs control 

areas and the rules 

aiming at the 

establishment of the 

framework for load 

frequency control 

and reserves. 

The principles gathered in this code are intended to set the 

minimum and objective requirements to maintain the real-time 

operational security in the European grid. It also serves to 

promote the coordination between neighbouring SOs and to 

determine which are the aspects that are essential for the 

operational security as well as associated requirements that the 

SOs, the generation installations and the demand facilities must 

fulfil. The most relevant aspects in the code are related to the 

management of frequency control, voltage/reactive power, 

congestions, dynamic stability, reserve provision and data 

exchanges. The code is, in summary, a technical framework to 

cope with the massive integration of RES and the effective 

development of the IEM ensuring system security. That means 

that, in order to be applicable to all the synchronous areas, the 

code gives no concrete values or times for frequency, voltage 

control, protection settings, etc.  

It is clear that this Regulation is going to be of major importance 

and easily transferable to the future WoC, where the current 

responsibilities of the SOs are going to be shifted to the CSOs 

and this code will regulate the relationships between them in 

order to keep the stability and security of the system. This code 

is going to coordinate the power exchanges in the tie-lines 

between cells, the definition of the cell voltage and balance set-

points (inter-cell and intra-cell), the implications and impacts of 

remedial actions in one cell over a neighboring cell, the 

obligation of guaranteeing enough inertia in the system, etc. 

This means that this code has a direct and strong influence on 

the voltage and frequency/balance use cases defined within 

ELECTRA. 

Market/ 

Capacity 

Allocation & 

Congestion 

Management 

Sets out the 

methods for 

calculating how 

much space can 

market participants 

use on cross border 

lines without 

endangering system 

security. It also 

harmonises how 

cross border 

markets operate in 

Europe to increase 

competitiveness but 

renewablesô 

integration. The 

capacity allocation 

and congestion 

management 

The CACM code settles the guidelines for the implementation 

of the pan-European day ahead and intraday markets and the 

optimal allocation of capacity across different regions. The code 

also deals with the processes for determining how the capacity 

in the tie-lines is calculated, how the bidding zones are 

reviewed and the way the congestions are managed. The pan-

European market will increase the liquidity thus favoring the 

increase of renewable energy sources installed in the system. 

In the light of this code, the coupled market designed will allow 

the optimal allocation of the capacity through the WoC. The 

code also will regulate the mechanisms for the calculation of 

the clearing prices that will be applicable to the future IRPC, 

aFCC, BRC and BSC submarkets [7]. 
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Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

(CACM) is the 

cornerstone of a 

European single 

market for electricity.  

Commission 

Regulation (EU) 

1222/2015, of 24 

July 2015 

Market/ 

Forward capacity 

allocation 

Deals with rules for 

long term markets, 

the forward markets. 

These have an 

important role in 

allowing market 

participants to 

secure capacity on 

cross border lines a 

long time in advance 

and therefore have a 

sort of trade 

insurance.  

Commission 

Regulation (EU) 

2016/1719, of 26 

September 2016 

This regulation deals with the mechanisms for the calculation 

and trading of cross-border capacity in forwards markets (year 

ahead and month ahead). Similarly to the CACM code, for the 

implementation of this code it is necessary to have an accurate 

grid model to effectively calculate the capacity allocation. This 

calculation is accomplished by using a dedicated platform that 

allows a clear and fair process and information flows for the 

market participants. 

Due to this, there is no need in the future WoC of a dedicated 

market operator for this forward allocation. The platform has to 

be developed by the different TSOs. The output of the platform 

is the volume of allocated long-term transmission rights, the 

clearing price and the execution status of the bids. This code 

will mainly impact on the CSOs, as they will be responsible for 

the forward capacity as well as the owners of the tie-lines in the 

WoC on behalf of current TSOs. The CSOs will be responsible 

for the calculation of the long-term capacity in the year-ahead 

or month-ahead window to ensure the capacity is reliable and 

the optimal calculation is made available to the market. 

Market/ 

 Electricity 

Balancing 

 

Focuses on creating 

a market where 

countries can share 

the resources used 

by their TSOs to 

make generation 

equal demand 

always. It is also 

about allowing new 

players such as 

demand response 

and renewables to 

take part in this 

market. All in all, the 

Balancing Guideline 

should help increase 

security of supply, 

limit emissions and 

diminish costs to 

customers. 

Commission 

This code settles the mechanisms for the harmonization of the 

electricity balancing markets around Europe, the design 

process of balancing markets and the imbalance settlement 

mechanisms and directly impacts on the TSOs, BRPs, BSPs 

and interconnectors owners. It lays down the guidelines on 

electricity balancing for the procurement and settlement of 

FCR, FRR and RR reserves as well as the common rules for 

the activation of those reserves. The products associated to 

these reserves differ mainly in the response time and time of 

delivery. The characteristics to define a product include the 

preparation period, the full activation time, the ramping period, 

the minimum and maximum quantity, the deactivation period, 

the validity period or the mode of activation.  

All the TSOs have to harmonize their balancing products to 

adapt them to the FCR/FRR/RR defined in the code and only in 

specific cases, they can define their own products for their 

responsibility area. Concerning the differences that may exist 

between the current standard FCC, FRR and RR and the future 

needs of the products in the WoC context, the code establishes 

the possibility to review the standard products every two years 

as well as the inclusion of new products not previously 
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Family / 

Subitem 

Scope/Reference 

Document 
Implications for the WoC 

Regulation (EU) 

2017/2195 of 23 

November 2017  

included. That would be the case of the inertia reserves, that 

would be needed to be incorporated as a new balancing 

product in future amendments of the balancing code. The 

proposal of defining new products or modifying the 

characteristics of existing ones is currently a responsibility of 

the TSOs that will be accomplished by the CSO in the WoC. 

Beyond the consideration above, specific details on implications 

of this code on the WoC, high-level Use Cases and on market 

design of WoC will be provided in next sections. 

 

2.3 Integration with non-electrical energy carriers 

The growing identification of the interdependencies between electricity and other energy carriers 

has led, in recent years, to the recognition of the need for óEnergy System Integrationô (ESI) 

whereby a view of system planning and operation is created which considers all energy 

interactions. This includes both extant large-scale carriers (such as natural gas, and its associated 

transmission and distribution), as well as potential new carriers (such as hydrogen and other non-

conventional gases), in addition to the inclusion of localised vectors (such as heat networks). 

While the majority of such assessment is still in the R&D context, there is a growing recognition by 

European regulators that the historically separate regulation of energy carriers may not be 

appropriate under future energy scenarios, and that joint regulation between carriers and sectors 

may represent a means to a lower-cost energy system in total. This also permits the provision of 

final demands through different vectors (such as comparing fuel cell to electric vehicles) to be more 

effectively compared and balanced according to the demands placed on individual carrier 

infrastructure. 

In the draft scenarios prepared for the 2018 ENTSO Ten Year Network Development Plan (TYNDP 

- [8]), for the first time, joint scenarios have been created which identify the co-dependency 

between the gas and electricity sectors and the need for a consistent view between the two sets of 

regulators. Key elements include: 

ǒ Assessment of the impact of power-to-gas (P2G) in terms of increasing utilisation of 

renewable generation and the injection of green gas; 

ǒ Alternative trajectories in the decarbonisation of transport, particularly with respect to peak 

demand in the two sectors; 

ǒ The decarbonisation of the domestic heating sector (conversion of fossil fuel heating to 

electric heat pump heating or hybrid heat pump heating) increasing electricity consumption 

and decreasing gas consumption in the residential and commercial sectors; 

ǒ Changes to gas-fired power plants fuel consumption due to electricity production from 

renewable energy sources; 

ǒ The growth of the óprosumerô and new patterns of energy consumption and generation at all 

levels. 

The TYNDP identifies a concept labelled as the óthermal gapô - a demanded volume of electricity 

which may be supplied by either coal or gas under different market conditions. This creates a 

potential for dispatch decisions within the WoC concept, which may require knowledge of the 

status of the gas system (beyond that communicated indirectly by WoC assets). 
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Secondly, coordination of WoC actors, under scenarios where heat and transport have undergone 

increased electrification (through heat pumps and EVs respectively) may require improved 

forecasting methods to understand the major swings in demand out-turn that will become more 

pronounced and more frequent. The maintenance of system security (with consequently broader 

impacts resulting from failure) means that WoC actors might be expected to predict and prepare 

the system to maintain security considering greater detail in the probability of different line flows 

and potential outages. 

Third, the integration of energy carriers by WoC actors will also permit additional future sources of 

flexibility which encompass interactions with other carriers (e.g. heating, cooling or vehicle-to-grid), 

and how they might be regulated within the WoC structure. 

The regulatory aspects of Energy Systems Integration are only beginning to be explored, but the 

growth of interest in this area from European regulators (see for example, the British regulatorôs 

scoping for a ósmart flexible energy systemô [9] indicates that the WoC concept needs to be 

introduced with consideration of the mutual visibility and forecasting requirements of actions within 

other carriers. It should be noted that, at core, the WoC concept is potentially portable to other 

carriers and extensible to consider multiple vectors in parallel, and that the growth in integrated 

regulation can be matched by a similar application of parallel carrier-specific cells. 

 

2.4. Regulation at non-transmission level 

DSOs have traditionally been passive, leaving TSOs to ensure balance between demand and 

supply within their zone of coverage. However, as the amount of variable renewable energy 

(particularly produced by consumers), smart meters, storage and electrical vehicles at distribution 

level increases, DSOs will need to take on more tasks to make their grids smarter, more flexible 

and efficient. This includes being able to manage reverse power flows from customers and 

exporting to transmission networks. 

In its proposed Recast Electricity Regulation [10], the Commission aims to create a new EU-level 

entity for DSOs to enhance cooperation between themselves and with TSOs on planning and 

operation of their power networks. As proposed, this new 'DSO entity'1 would have a significant 

impact - positive or negative - on further deployment and integration of renewables, growth of 

demand response, decisions on grid tariffs and connection charges for prosumers, and customer 

data protection and privacy. The DSO entity would have legislatively defined tasks and areas of 

work. 

A brief summary of the missions proposed by the European Commission to the DSO Entity is 

provided below: 

ǒ Coordinated operation and planning of transmission and distribution networks; 

ǒ The pace and extent of integration of renewables and storage; 

ǒ Deployment of smart grids including digitalization and intelligent smart metering systems; 

ǒ How demand response gets developed; and 

ǒ Rules around how consumer data are managed and protected, as well as cyber security. 

                                                
1
 The DSO entity would be a membership-based body composed of DSOs from across the EU. It would bring DSOs 

together at EU level to work on issues that affect distribution networks. There are approximately 2,750 DSOs across 
the EU grouped around 4 main groups: EDSO, GEODE, CEDEC and Eurelectric. In this context, directives similar to 
those in the Third Energy Package will be more difficult to put in place. [The proposed EU DSO entity: what is it and 
what's at stake? Client Earth, December 2016] 

https://www.documents.clientearth.org/library/download-info/the-proposed-eu-dso-entity-what-is-it-and-whats-at-stake/
https://www.documents.clientearth.org/library/download-info/the-proposed-eu-dso-entity-what-is-it-and-whats-at-stake/
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However, the EU DSO entity could work on more issues through the Network Codes process if 

they relate more to distribution than transmission networks, such as: 

ǒ Harmonized rules for how the DSOs themselves impose distribution tariffs and connection 

charges; 

ǒ Rules for how DSOs would curtail distributed renewables, demand response and storage; 

ǒ Rules on how different market actors can provide non-frequency ancillary services; 

ǒ Rules on making more transparent network charges that DSOs impose;  

ǒ How DSOs themselves use energy efficiency in their networks; 

ǒ Rules allowing DSOs to own storage systems to provide flexibility. 

However, there could be two important risks linked to unclear or not well-defined parts in the 

European Commission proposal: 

ǒ The DSOs involved in the codes redaction could be driven by their own priorities (conflicts of 

interest). 

ǒ The ACER is involved twice in the process. It is the instigator of the codes redaction (to 

insure the coherency with the European Commission guidelines) and it is the organization 

able to accredit the proposal of the DSO Entity. 

In conclusion, it is quite premature to find implications of the current regulation at non-transmission 

level for the WoC concept as the rules are not currently well defined. Nevertheless, as mentioned 

earlier, the WoC concept is fully in line with a more active role of DSOs in managing some of the 

challenges associated with variable generation more locally. In the WoC, both DSOs and TSOs will 

be CSOs with the same level of responsibility over their corresponding cells, and this would 

contribute to achieve a well-defined regulation also at distribution level.  
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3. Impact of the regulatory framework for the Web-of-Cells 

architecture and high-level Use Cases 

In this section, the current regulation aspects for frequency and voltage control, which could impact 

the WoC deployment and associated high level Use Cases (i.e., proposed balancing and voltage 

control mechanisms) are analyzed. As already identified in [1], [11-12], in ELECTRA, the EU power 

grid is decomposed into a WoC structure, where the Cell is a portion of the power grid able to 

maintain an agreed power exchange at its boundaries by using the internal flexibility of any type 

available from flexible generators/loads and/or storage systems. The total amount of internal 

flexibility in each cell shall be at least enough to compensate the cell generation and load 

uncertainties in normal operation. Each cell is managed by an automated Cell Controller (CC), 

which is constituted of a set of algorithms for voltage and frequency control. The CC is under the 

responsibility of a CSO that supervises its operation and, if required, overrides it. A CSO oversees 

one or multiple CCs, whose corresponding cells do not necessarily need to be adjacent. The CSO 

is responsible for the real-time reserves activation and dispatching within the cell(s) under his 

responsibility. Inter-cell reserve exchanges and coordination are included for optimal system-wide 

management. In each cell, the CSO (through the CC) maintains an accurate view on the overall 

cell state, and dispatches reserves located in the cell in a secure manner, based on his knowledge 

of the cell state. In such a context, local problems are solved within the cell in a fast and secure 

manner, thereby limiting complexity and communication overhead. 

In the WoC architecture, by controlling the cell local balance, the CSOs are responsible to 

contribute to contain and restore system frequency, as well as contain local voltage within secure 

and stable limits. Tables 2 and 3 show an overview of ELECTRA frequency/balance control and 

voltage control Use Cases (UCs), respectively, as compared with the current control mechanisms 

related to control areas/control blocks. 

Table 2: Overview of ELECTRA frequency control Use Cases, compared with current control 
mechanisms [1], [11]  

Frequency/Balance Control 

ELECTRA use cases Current control mechanisms 

Inertia Response Power Control (IRPC)   

(Adaptive) Frequency containment control 

(aFCC) 
Frequency containment control 

Balance restoration control (BRC) Frequency restoration control 

Balance steering control (BSC) Frequency replacement control 
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Table 3: Overview of ELECTRA voltage control Use Cases, compared with current control 
mechanisms [1] 

Voltage Control 

ELECTRA use cases Current control mechanisms 

Primary voltage control (PVC) Primary Voltage Control 

Post-primary voltage control (PPVC) 

Secondary voltage control 

Tertiary voltage control 

 

Based on this general overview, the current regulatory prescriptions for the control mechanisms 

above, as well as the current involved stakeholders with specific roles and responsibilities, are 

analyzed in the following sections with the aim of identifying possible barriers and responsibility 

allocation, thereby detecting the needed changes to make the WoC feasible from a regulatory point 

of view. 

3.1 Impact of the regulatory framework on Use Cases for frequency control 

As discussed in D3.1 [1], frequency deviations result from imbalances between 

consumption/load/export and generation/import. Frequency deviations are seen fast and system-

wide. Market parties (Balance Responsible Parties -BRPs- in particular) are responsible for 

keeping portfolio in balance. Each day is divided into time blocks, and the portfolio of each BRP 

must be in balance for each of these time blocks. BRPs keep their portfolio in balance by operating 

on the market (until intraday market gate closure) [1]. After the intraday market gate closure, BRPs 

submit their production schedules to the CSOs. The day of delivery, the CSO takes care of real-

time balancing of residual imbalances by activating the reserves that restore the system balance. 

Residual imbalances may be caused by remaining imbalances at the intraday market gate closure 

of the day before delivery, forecast errors causing deviations in the time-window compared to what 

was scheduled, or incidents. Frequency stability is a fast and global system wide issue. It must be 

reacted upon quickly, and is therefore addressed in ELECTRA with a cascade (from fast, 

automatic, expensive to slow, manual and economically optimized) of inertia response power 

control (to slow down frequency changes), frequency containment control, balance restoration 

control, and balance steering control (optimization).  

It must be said that, in general, in the WoC architecture, the main principles of Load-Frequency 

Control can be still applied, except for a dedicated inertia control for limitation of RoCoF. However, 

these principles are applied at Cell level instead of at Control Area level, as shown in Figure 2. As 

a result, the main control objective within each Cell is to maintain the balance within the Cell, and 

by this, indirectly restore the system frequency in a bottom-up approach [13]. 
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Figure 2: Overview of proposed balance control structure in the Web-of-Cells [13]. 

 

If considering the WoC as the future control grid architecture, it is needed to analyze the ENTSO-E 

Network Code on Load-Frequency Control and Reserves (NC LFCR) [14], which is the main 

current regulation for frequency control at European level. In the following, a general overview of 

the NC LFCR, as well as the main responsibilities for TSOs for frequency control processes are 

discussed in Subsection 3.1.1. The current regulation aspects concerning the frequency control 

which could impact the Inertia Response Power Control (IRPC), Adaptive Frequency Containment 

Control (aFCC), Balance Restoration Control (BRC) and Balance Steering Control (BSC), as well 

as the related responsibilities allocations, are discussed in Subsections 3.1.2, 3.1.3, 3.1.4 and 

3.1.5, respectively. 

3.1.1 Critical overview of the ENTSO-E Network Code on Load-Frequency Control 

and Reserves with general implications for the frequency control in the Web-

of-Cells 

It is known that the system frequency is a common parameter of a Synchronous Area, and has a 

direct impact on installations connected to the transmission system. This dependence is bi-

directional, since also generation and demand facilities connected to the transmission system have 

an impact on the frequency quality. Therefore, even though each TSO is responsible for the 

maintenance of frequency quality in its Area, this task is common for all TSOs of the Synchronous 

Areas, through secure and efficient Load-Frequency Control. In the WoC architecture, the current 

responsibilities defined in the NC LFCR will be shifted to the CSOs, regardless of the voltage levels 

included in the cells under their responsibility area. 

The aim of the NC LFCR is to ensure a secure Load-Frequency Control based on a close 

coordination and cooperation of TSOs of the Synchronous Areas, and an efficient system 

operation based on a close collaboration between all stakeholders at EU level in  the electricity 

sector, through an efficient usage of the available resources for balancing [15].  
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The NC LFCR ensures Operational Security with respect to System Frequency stability by 

providing: 

ǒ Harmonized System Frequency quality targets; 

ǒ Harmonized control processes and operational procedures; 

ǒ Harmonized minimum technical requirements for organization of Reserve provision by 

TSOs; 

ǒ Harmonized minimum technical requirements for Reserve Providing Units and Groups; 

ǒ Harmonized procedures related to cross-border exchange, sharing and activation of Active 

Power Reserves within and between different Synchronous Areas improving the overall 

efficiency of operation.  

It must be said that the NC LFCR sets the boundary conditions for products and cross-border 

coordination of the NC EB, as shown in Figure 3. 

 

Figure 3: Relationship between the Network Code on Load-Frequency Control and Reserves and 

Network Code on Electricity Balancing [15] 

 

All stakeholders, including TSOs, should respect the common requirements for control processes 

and active power reserves presented in the NC LFCR to maintain the frequency quality and 

stability in the Synchronous Areas and to support the efficient functioning of the European Internal 

Energy Market (IEM). 

The harmonization principles defined in NC LFCR are handled through a global framework 

consisting of the three following levels: 

ǒ European level: Definition of the common control processes for Frequency Containment, 

Frequency Restoration and Reserve Replacement as well as the according Active Power 

Reserves and rules for cross-border cooperation; 

ǒ Synchronous Area level: Establishment of the control structure, definition of a common 

frequency quality target and application of the Frequency Containment Process; 
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ǒ LFC Block level: Definition of a frequency restoration target and application of the Frequency 

Restoration Reserves (FRR) and Replacement Reserves (RR) Dimensioning Rules; 

ǒ LFC Area level: Application of the Frequency Restoration and Reserve Replacement 

Processes. 

The crucial parameters and methodologies of Load-Frequency Control explicitly defined in the NC 

LFCR includes: 

1. Main parameters defining the System Frequency quality and targets for TSOs; 

2. Load-Frequency Control processes and their implementation; 

3. Cross-border Load-Frequency Control processes; 

4. Dimensioning Rules; 

5. Minimum Technical Requirements for Reserve Providing Units and Reserve Providing 

Groups; 

6. Limits for Exchange and Sharing of Reserves; 

7. Transparency requirements.  

All these aspects need to be considered in UCs for frequency control defined in the ELECTRA 

context. 

With reference to point 1, the Frequency Quality Defining Parameters, defined in Article 19 of the 

NC LFCR [14], represent the values which are used for the design of control processes and 

reserve dimensioning, and are aligned with emergency procedures and operation ranges for 

generators [15]. The operation of Synchronous Area has been designed to guarantee that, after a 

disturbance of the Active Power balance, Frequency Deviations are kept within a certain range. For 

large Synchronous Areas, this implies that large imbalances do not lead to Frequency Deviations 

that would trigger under-frequency load-shedding. The largest imbalance which by design shall not 

cause a violation of admissible System Frequency ranges, is defined as the Reference Incident (it 

also serves as input to the dimensioning of FCR). The Frequency Quality Defining Parameters 

define these acceptable ranges for System Frequency after an occurrence of the Reference 

Incident (Figure 4). These parameters do not only include ranges but also the time durations (Time 

To Recover and Time To Restore Frequency), where the respective ranges should be reached.  

 

Figure 4: Frequency Quality Defining Parameters [15] 
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According to Article 19 [14], the Frequency Quality Defining Parameters of the Synchronous Areas 

with relative default values are summarized in Table 4. 

 

Table 4: Default values of the Frequency Quality Defining Parameters [14] 

  CE GB IRE NE 

Standard Frequency 

Range 
±50 mHz ±200 mHz ±200 mHz ±100 mHz 

Maximum 

Instantaneous 

Frequency Deviation 

800 mHz 800 mHz 1000 mHz 1000 mHz 

Maximum Steady-

state Frequency 

Deviation 

200 mHz 500 mHz 500 mHz 500 mHz 

Time to Recover 

Frequency 
not used 1 minute 1 minute not used 

Frequency Recovery 

Range 
not used ±500 mHz ±500 mHz not used 

Time to Restore 

Frequency 
15 minutes 10 minutes 20 minutes 15 minutes 

Frequency 

Restoration Range 
Not used ±200 mHz ±200 mHz ±100 mHz 

Alert State Trigger 

Time 
5 minutes 10 minutes 10 minutes 5 minutes 

 

These Frequency Quality Defining Parameters shall be coordinated between all TSOs of a 

Synchronous Area in order to ensure proper Synchronous Area behaviour. They shall fulfil the 

requirements that are set to generators and loads, which are included in the NC RfG and in the NC 

DCC [16-17]. 

The Frequency Quality Target Parameter shall be the maximum number of minutes outside the 

Standard Frequency Range per year per Synchronous Area, and its default value per Synchronous 

Area shall be the value given in Table 5 (Article 19). 
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Table 5: Frequency Quality Target Parameters of the Synchronous Area 

  CE GB IRE NE 

Maximum number of minutes 

outside the Standard Frequency 

Range 

15000 15000 10500 15000 

 

These requirements need to be respected in the WoC for frequency control, in terms of operation 

times of the new controllers, maximum limits of the frequency observable, frequency quality 

characteristics to be achieved, etc. 

As for points 2 ï 7 above, they will be discussed in the following subsections, by also analyzing the 

related impact on the ELECTRA UCs for frequency control.  

In general, the framework for Load-Frequency Control Processes regulated by NC LFCR is based 

on the current best practices and control engineering. The three processes addressed are 

summarized in the following: 

ǒ Frequency Containment Process (FCP) as the process stabilizing the frequency after the 

disturbance at a steady-state value within the permissible maximum steady-state deviation 

(defined in Table 4), through a joint action of Frequency Containment Reserves (FCR) within 

the whole Synchronous Area. 

ǒ Frequency Restoration Process (FRP) as the process controlling the frequency towards its 

set-point value through the activation of Frequency Restoration Reserves (FRR), and 

replacing the activated FCR. This process is implemented by the disturbed LFC Area. 

ǒ The Reserve Replacement Process (RRP) as the process replacing the activated FRR 

and/or supports the FRR through the activation of Replacement Reserves (RR). Similar to 

FRP, RRP is also implemented by the disturbed LFC Area. 

Therefore, the operation of Load-Frequency Control processes are attached to operational areas. 

The area hierarchy is shown in Figure 5 [15]. Each Synchronous Area consists of one or more LFC 

Blocks, each LFC Block consists of one or more LFC Areas, each LFC Area consists of one or 

more Monitoring Areas, and each Monitoring Area consists of one or more Scheduling Areas. 
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Figure 5: Types and hierarchy of geographical areas operated by TSOs [15]. 

 

The different areas are needed to define responsibilities of single TSOs in the common task of 

system frequency quality, allowing a harmonized approach for all Synchronous Areas. The entire 

process responsibility structure is regulated by Article 32 of NC LFCR. For instance, a TSO 

operating an LFC Area has several obligations, such as collecting and calculating the schedules 

for the area; measuring and monitoring the actual power interchange; calculating (or measuring) 

the Frequency Restoration Control Error (discussed below); and operating a FRP. On the other 

hand, all TSOs operating LFC Areas within the same LFC Block have the obligation to cooperate 

with other TSOs of the LFC Block to fulfil the area process obligations, i.e., to fulfil the frequency 

restoration quality target parameters (to be discussed later). 

According to the process responsibility structure defined, Table 6 summarizes the different area 

process obligations defined in NC LFCR. 

Table 6: TSOs obligations related to areas [15] 

Obligations 
Scheduling 

Area 
Monitoring 

Area 
LFC Area LFC Block 

Synchronous 
Area 

Scheduling Mandatory Mandatory Mandatory Mandatory Mandatory 

Online calculation 

and monitoring of 

actual power 

interchange 

NA Mandatory Mandatory Mandatory Mandatory 

FRP NA NA Mandatory Mandatory Mandatory 
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Obligations 
Scheduling 

Area 
Monitoring 

Area 
LFC Area LFC Block 

Synchronous 
Area 

Frequency 

Restoration Quality 

Parameters 

NA NA Mandatory Mandatory Mandatory 

FRR/RR 

Dimensioning 

NA NA NA Mandatory Mandatory 

FCP NA NA NA NA Mandatory 

Frequency Quality 

Target and FCR 

Dimensioning 

NA NA NA NA Mandatory 

RRP NA NA Optional NA NA 

Imbalance netting 

process 

NA NA Optional NA NA 

Cross-border FRR 

activation process 

NA NA Optional NA NA 

Cross-border RR 

activation process 

NA NA Optional NA NA 

Time control 

process 

NA NA Optional NA NA 

Mandatory 

cooperation to fulfill 

obligations of 

Monitoring 

Area 

LFC Area LFC Block Synchronous 

Area 

NA 

In contrast to the current control scheme where system level TSOs operate in a centralistic manner 

for their respective Control Area, in the WoC architecture, which is based on a decentralized real-

time control, CSOs operate in a decentralized manner with reference, for instance, to detection of 

the need for reserves activations as well as the activations themselves - in a similar manner to 

what is done today at transmission level, but applied at small geographic areas. The key difference 

is that Cells can provide local balancing and voltage control with the purpose of solving local 

problems locally through self-responsibilization; there is no ñmaster-CSOò hierarchically above the 

CSOs. By following this approach, local problems are solved locally within the cell, thereby limiting 

complexity and communication overhead (i.e., no bidirectional communication between the DSO(s) 

and conventional centralised TSO is required for reserve activation), and there is no need to 

expose local problems at global system level. 

3.1.2  Inertia Response Power Control (IRPC) 

The Renewable Energy Directive [18] requires the EU to fulfill at least 20% of its final energy 

consumption with renewable sources by 2020. Future electricity networks incorporating such a 

large proportion of renewable sources will be subject to intermittent generation, characterized by 

high variability and unpredictability and by low mechanical inertia (since it is often connected to the 
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grid via decoupling electronic power devices and often composed of static generators). Therefore 

they will require new control approaches, together with new rules in the regulatory framework and 

in the energy market, that can successfully deal with the problem of balancing supply and demand 

to prevent blackouts and poor power quality. In particular, the decrease of system inertia will be a 

critical issue. 

System inertia mainly consists of the intrinsic reaction of rotating masses connected to the grid. 

The variation of their angular momentum, in fact, opposes to system frequency variations (i.e. 

gradients), so it helps to keep frequency stable. System inertia is especially useful when a large 

infeed (a generator or an importing interconnector) or consumption (a load or an exporting 

interconnector) unexpectedly disconnects from the system: the system inertia resists the frequency 

from falling too quickly and gives the automatic and manual regulations time enough to intervene. 

System inertia primarily comes from synchronous generators. Due to the changing demand and 

generation mix and the significant increase of non-synchronous generation, the inertia is 

decreasing and will continue to decrease. As it decreases, the rate at which frequency falls ï the 

rate of change of frequency, RoCoF, measured in Hz/s and usually considered an absolute value ï 

following the loss of an infeed or consumption is likely to increase. Such effects are depicted in 

Figure 6 and Figure 7, which show simulation results for the Irish system, in Table 7 and Table 8, 

which show simulation results for the Great Britain system, and in Figure 8, which shows 

simulation results for the Continental Europe system.  

In particular, Figure 7 plots the magnitude of the initial RoCoF following the loss of the largest 

single infeed/outfeed (i.e. both low and high frequency events are considered), calculated from the 

simplified overall swing equation for the Irish system; the initial value of the  RoCoF is considered 

to be the largest value in the transient following the event; such an estimation of the initial  RoCoF 

has been carried out for each hour of a reference 2020 scenario, and the figure reports the results 

in each day of the week in each season. One can observe that most periods in which the RoCoF is 

high (RoCoF>0.5 Hz/s) occur during the weekend (inherently low-load periods), anyway on 

Sundays the RoCoF is often high in spring (and sometimes in the other seasons) while on 

Saturdays the RoCoF is sometimes high in spring and winter (and marginally in autumn). During 

the week, a sort of ñV-shapedò behaviour, with respect to the seasons, can be observed, with 

Mondays similar to Fridays (and also to Saturdays): on Tuesdays, Wednesdays and Thursdays, 

less high- RoCoF values are present, probably due to the higher system load and to the presence 

of more conventional plants online. 

One possible effect of the increasing system RoCoF experienced after a large infeed or 

consumption is the loss of synchronism of synchronous machines; another possible effect is the 

trigger of RoCoF Loss of Mains (LOM) protection used by some DG, so the disconnection of this 

DG from the system. These events may cause the frequency to vary further in the same direction, 

thus vanishing efforts from regulation to recover frequency. 
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Figure 6: Frequency distribution of rotational energy (inertia) stored in the Irish system in 2012 and 

2020, with corresponding average wind penetration (% demand) [19] 

 

Figure 7: Initial RoCoF following the loss of the largest single infeed/outfeed online for each hour of 

2020 (base case of unit commitment and economic dispatch schedule in the Irish system) [19] 

Table 7: Predicted Average System RoCoF in Great Britain, for high wind conditions [20] 

Year Demand 

[GW] 

1320 MW loss 1800 MW loss 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

2014 

20 -0.24 -0.24 -0.34 -0.33 

35 -0.13 -0.13 -0.18 -0.17 

2016 20 -0.25 -0.24 -0.35 -0.34 
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Year Demand 

[GW] 

1320 MW loss 1800 MW loss 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

35 -0.13 -0.13 -0.19 -0.18 

2018 

20 -0.3 -0.29 -0.43 -0.42 

35 -0.16 -0.16 -0.23 -0.22 

2020 

20 -0.36 -0.35 -0.5 -0.49 

35 -0.19 -0.19 -0.27 -0.26 

Table 8: Predicted Average System RoCoF in Great Britain, for high wind and high imports 

conditions [20] 

Year Demand 

[GW] 

1320 MW loss 1800 MW loss 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

RoCoF @ 100 ms 

[Hz/s] 

RoCoF @ 500 ms 

[Hz/s] 

2014 

20 -0.26 -0.26 -0.36 -0.36 

35 -0.14 -0.13 -0.19 -0.18 

2016 

20 -0.27 -0.27 -0.38 -0.37 

35 -0.14 -0.14 -0.2 -0.19 

2018 

20 -0.33 -0.32 -0.47 -0.45 

35 -0.17 -0.17 -0.24 -0.24 

2020 

20 -0.42 -0.4 -0.57 -0.56 

35 -0.21 -0.2 -0.29 -0.28 
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Figure 8: Frequency transients and initial RoCoF values for a sudden loss of 3000 MW under extreme 

conditions in the former UCTE system [21] 

The SO has to manage the system so that the RoCoF after a large balance perturbation is not too 

large. Therefore, the SO often takes pre-emptive actions to do this. For instance, it can: 

ǒ Reconfigure the generating mix so as to increase system inertia ï this can be as simple as 

constraining synchronous generators to be on, but as the requirement for reconfiguration 

increases it can imply to constrain non-synchronous wind generation, which is undesired; 

ǒ Limit the possible value of the maximum instantaneous imbalance ï if an infeed or 

consumption suddenly and unexpectedly disconnects, the smaller the disconnection the 

smaller the RoCoF. 

Such actions translate to the activation of ancillary service resources in real time; these are 

procured and activated via one or more markets and the related costs ultimately transferred to end 

users.  

As far as RoCoF settings are concerned, so far only a few countries in Europe (Belgium, Spain, 

UK, Ireland and Denmark) have given values; each such country has selected different admissible 

ranges according to the national grid characteristics and generator inventory. For Belgium and 

Spain those values are only outlined, but UK, Ireland and Denmark have defined them in a clearer 

way. In particular, a study by National Grid in the Great Britain has estimated the risk of mass 

tripping of distributed generation on their RoCoF due to the loss of one and more large generators. 

For this reason, UK, Ireland and Denmark could be defined as models for the future development 

of grid managing; as detailed in the following. 

United Kingdom 

In the UK, before September 2015, the prescribed setting for RoCoF LOM protection was 

Ó 0.125 Hz/s. The presence of DG caused many troubles that were solved via ódesensitisingô the 

settings of the RoCoF LOM protection on DG so that a higher RoCoF was needed to activate 

them. The DSO Licensees proposed this solution in a modification call to the national authority, to 
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change the Distribution Code. The results were included in the so-called Engineering 

Recommendation G59 (ER G59), enforced in September 2015. The main details about the new 

RoCoF setting values are shown in Table 9, extracted from ER G59/3-1. 

Table 9: RoCoF setting values in Great Britain; ñsmallò in the table means below 50 MW [22] 

RoCoF settings for Power Stations  5 MW 

Date of Commissioning Small Power Stations Medium Power 

Stations 
Asynchronous Synchronous 

Generating Plant 

Commissioned 

before 01/08/14 

Settings 

permitted until 

01/08/16 

Not to be less than 

K2
§
 x 0.125 Hz/s

 

and not to be 

greater than 

1Hz/s
¶
, 

time delay 0.5s 

Not to be less than 

K2 x 0.125 Hz/s
 

and not to be 

greater than 

0.5Hz/s
Æ Ý

, 

time delay 0.5s 

Intertripping Expected 

Settings 

permitted on or 

after 01/08/16 

1Hz/s
¶
, 

time delay 0.5s 

0.5Hz/s
Æ Ý

, 

time delay 0.5s Intertripping expected 

Generating Plant  commissioned 

between 01/08/14 and 31/07/16 

inclusive 

1Hz/s
¶
, 

time delay 0.5s 

0.5Hz/s
Æ Ý

, 

time delay 0.5s Intertripping expected 

Generating Plant commissioned on 

or after 01/08/16 

1Hz/s
¶
, 

time delay 0.5s 

1Hz/s
¶
, 

time delay 0.5s 
Intertripping expected 

§ K2: = 1.0 (for low impedance networks) or 1.6 (for high impedance networks) 

¶: the time delay should begin when the measured RoCof exceeds the threshold expressed in Hz/s, and it 

should be reset if the measured RoCoF falls below that threshold. The relay must not trip unless the 

measured RoCoF remains above the threshold expressed in Hz/s continuously for 500 ms.   

Ý: the minimum setting is 0.5 Hz/s. For overall system security reasons, settings closer to 1.0 Hz/s are 

desirable, subject to the capability of the generating plant to work to higher settings. 

 

Ireland 

The current RoCoF capability required of all units in Ireland is 0.5 Hz/s and is set out in the Irish 

Grid Code. Detailed technical studies undertaken by EirGrid have indicated that, during times of 

high wind generation following the loss of the single largest credible unit, RoCoF values greater 

than 0.5 Hz/s but no greater than 1 Hz/s could be experienced on the island power system. In 

addition, TSO studies have shown that instantaneous RoCoF values in excess of 2 Hz/s could be 

experienced in Northern Ireland if system separation were to occur on the island. 

EirGrid has proposed a modification of the mentioned RoCoF threshold, to 1 Hz/s, in order to 

facilitate the delivery of the 2020 renewables targets, whilst maintaining operational security of the 

power system. Specifically, a higher RoCoF standard is expected to allow EirGrid to operate the 

system at a higher operational limit of 50%. Therefore, without this higher RoCoF standard, the 

curtailment of wind is expected to be higher and the overall 40% target may not be achieved by 

2020. A similar modification has been proposed by SONI in Northern Ireland and has been 

consulted by the Regional Regulator. 
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Denmark 

In 2015, Denmark sourced 42% of electricity from wind generation, and is among the worldôs top 

20 countries for non-hydro renewable power capacity per inhabitant. In 2013, Energinet.dk in 

Denmark purchased two 200 MVA synchronous condensers to support the power system, at a cost 

of 340m DKK. Synchronous condensers provide a range of system services, including 

synchronous inertia. However, these units are likely to have been primarily installed to address 

system strength and other relatively localized grid support issues, rather than synchronous inertia 

and RoCoF challenges. Like Germany, Denmark is highly interconnected with neighboring regions 

via AC interconnectors, and therefore has access to considerable amounts of synchronous inertia 

from other jurisdictions. Denmark requires new thermal generators connecting to be able to 

withstand a RoCoF of ±2.5 Hz/s [23] (increased from a previous value of 2 Hz/s). Also for wind and 

PV generation above 11 kW, the regulations state that generators must be able to withstand a 

change of frequency (df/dt) of ±2.5 Hz/s. 

European Grid 

Finally, ENTSO-E, the European TSOs consortium, has carried out analyses of the general 

behaviour of the European grid in case of large imbalances, without or with subsequent network 

splitting [24]. For example, in normal operation after 1 GW power plant outages, system load 

frequency gradients of 5-10 mHz/s are presently observed in the Continental European (CE) power 

system. In emergency operating conditions, instead, such as in the three serious disturbances 

occurred in the last 15 years, frequency gradients in a range between 100 mHz/s up to 1 Hz/s have 

been recorded, which have accompanied network splitting. The simulated reference scenario for 

the future indicates that the CE system must be able to resist, under split conditions, imbalances 

up to 40% of load of the largest remaining island, and with a maximum frequency gradient of 2 

Hz/s.  

The ENTSO-E Network Code requires that each TSO has to specify the df/dt (RoCoF) which a 

power generating module or a demand unit shall at least be capable of withstanding (for the loads, 

in particular, the value of the RoCoF shall be calculated over a 500 ms time frame); besides, it 

prescribes that [25]: 

ǒ ñAn HVDC system shall be capable of staying connected to the network and operable if the 

network frequency changes at a rate between ï2.5 and +2.5 Hz/s (measured at any point in 

time as an average of the rate of change of frequency for the previous 1 s)ò. 

ǒ ñA DC-connected power park module shall be capable of staying connected to the remote-

end HVDC converter station network and operable if the system frequency changes at a rate 

up to +/ï 2 Hz/s (measured at any point in time as an average of the rate of change of 

frequency for the previous 1 s) at the HVDC interface point of the DC-connected power park 

module at the remote end HVDC converter station for the 50 Hz nominal systemò. 

ENTSO-E also remarks [25] that the RoCoF withstand capability can be considered as ñan 

important input to calculate the essential minimum inertia (provided by the synchronous power 

generating machines with inherent inertia and by power park modules with synthetic inertia) for 

system stability in case of outage or system split, including asynchronous operation of control 

blocks. Therefore, there is a direct link between RoCoF and inertia related requirementsò. 

These last concepts in particular have been transferred to the WoC scheme with reference to the 

IRPC use case (UC), in that each CSO, whose role is similar to the current TSO role, determines 

the overall (i.e. physical plus synthetic) requirement for (minimum) inertia in its cell or cells, and 

similarly, at the highest control topology level, i.e. at inter-cell level, the overall requirement for 

(minimum) inertia is determined by coordination mechanisms among CSOs. Inside each cell and in 
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real time, the overall inertia requirement is then translated into a request, to be sent to individual 

devices or aggregations of devices, for inertial support availability and inertial response power 

supply. Inertial response from individual devices or aggregations of devices can be typically 

supplied as an intrinsic power variation due to the speed variation of a rotating mass, or as a 

control-driven power variation proportional to the RoCoF measured locally in real time. As hinted at 

in Figure 2 (See Subsection 3.1), these last power variations should indeed be able to support the 

Frequency Containment Control UC especially in case of limited presence of synchronous 

machines and of physical/kinetic inertia. On the whole, the IRPC should of course guarantee the 

provision of a minimal inertia level independently of the energy mix (day/night, sunny/cloud, 

windy/calm day). 

3.1.3 Adaptive Frequency Containment Control (aFCC) 

In the WoC, the Adaptive Frequency Containment Control (aFCC) functionality ensures that each 

cell adapts its amount of provided dP/df droop in response to a CPFC (Cell Power Frequency 

Characteristic) set-point received from a (system-level) process [11]. The actual droop that a cell 

actually provides is further scaled to reduce the activation of FCC resources in cells that are not 

causing the deviation (this is the Adaptive aspect). 

The rationale for the òadaptiveò aspect is to make cells responsible for solving the deviations they 

are causing, by ensuring that each cell adapts the amount of provided dP/df droop in response to 

real-time frequency and tie-line deviations from their nominal values. Each unit (generation and 

load) is able to provide the FCC mechanism at control cell level. Moreover, much more distributed 

reserves across the power grid and within each cell, may allow to solve local problems locally, also 

improving FCC flexibility. In contrast to ótraditionalô frequency control (Load Frequency Control), 

this adaptive FCC is not a primary response that is followed by a slower secondary response that 

takes over from this primary response. The aFCC is acting on a system level observable 

(frequency deviation) but its actions are scaled in relation to its local state.  

Regulatory Constraints on the FCC Activation Process 

As discussed in detail in Subsection 3.1.1, in the current architecture for large scale electric power 

system at European level, the frequency control is performed by Load Frequency-Control (LFC) 

process. The dynamic hierarchy of Load-Frequency Control processes is shown in Figure 9. 

 

Figure 9: Dynamic hierarchy of Load-Frequency Control processes [15] 
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The first process, i.e., FCP is a primary control. In the primary control action, only active power is 

balanced. It should be noted that the aFCC control shows some similarities to the traditional FCP 

control. However, due to the differences between the current architecture of large power system 

and the WoC, also mechanisms for the process and resources activation show some differences. 

In the current European power grid architecture, the FCR is activated by a joint action of FCR 

Providing Units and FCR Providing Groups within the whole Synchronous Area with respect to the 

frequency deviation. Depending on the best practices for a Synchronous Area the activation 

requirements for single FCR Providing Units and FCR Providing Groups may differ, nonetheless, 

the overall behavior shall follow two principles: 

ǒ The overall FCR activation is characterized by a monotonically decreasing function of the 

frequency deviation. 

ǒ The total FCR capacity shall be activated at the maximum steady-state frequency deviation. 

The NC LFCR provides a European harmonization of FCP design, while allowing the necessary 

flexibility for different Synchronous Areas and types of FCR Providers. The objective of the FCP is 

to maintain a balance between generation and consumption within the Synchronous Area and to 

stabilize the electrical system by means of the joint action of respectively equipped FCR Providing 

Units and FCR Providing Groups. Appropriate activation of FCR results consequently in 

stabilization of the system frequency at a stationary value after an imbalance in the time frame of 

seconds. 

In contrast with the current FCP stabilizing the frequency after the disturbance at a steady-state 

value by a joint action of FCR within the whole Synchronous Area, in the WoC, the aFCC 

functionality aims at locally (i.e., at cell level) observing and responding to frequency changes by 

modifying active power to support the containment of frequency under normal operation or after 

incidents. Each cell is assigned a portion of frequency droop responsibility (CPFC), but actual 

reserves (droop) activations are dynamically scaled so that reserves activations are prioritized in 

cells that are causing deviations, and are minimized in cells that are not causing activations. This 

should mitigate the effect of causing cell imbalances (with subsequent BRC activations) in cells 

that otherwise would be in balance because of a blind reaction on a global observable (frequency 

deviation). This scaling factor is determined based on a combined observable of frequency 

deviation and cell balance error. This scaling behavior is highly configurable and can take the form 

of a basic 0/1 factor to a value provided by a fuzzy logic controller. In the WoC, aFCC is running at 

the same timescale as BRC, so both join forces in containing frequency deviations. 

In detail, the cell central Frequency Droop Parameter Determination function receives the cellôs 

CPFC set-point (cellôs contribution to the system Network Power Frequency Characteristic (NPFC)) 

for the next timestep. The Merit Order Decision (MOD) function, through the Merit Order Collection 

(MOC) function, orders the available Frequency Droop devices based on cost and location. This is 

done based on availability and cost information received from these Frequency Droop devices, and 

load and generation forecasts of all busses (nodes), and a local grid model. The resulting ordered 

list is sent to the Frequency Droop Parameter Determination function that determines the 

requested dP/df droop setting (can be 0) for each Frequency Droop device. Each Frequency Droop 

device receives its droop setting (droop slope and deadband) for the next time-step, and will 

continuously monitor df and activate/absorb active power in accordance to its droop setting. 

This droop setting is continuously adapted by the Adaptive CPFC Determination function by means 

of a scaling factor that is determined based on the cellôs imbalance state. Based on frequency and 

cell imbalance error signals, this function calculates a scaling factor to achieve that most FCC 

activations are done in cells that cause the deviation, and less in cells that do not cause the 
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deviation. The CPFC is a WoC related concept similar to the NPFC. The main difference is that the 

CPFC can be adjusted in the moments subsequent to a disturbance affecting the power-frequency 

control mechanism, depending if the incident occurred inside or outside a given cell. 

Regulatory Constraints for Frequency Containment Reserves 

According to Article 44(1) [14], each Reserve Connecting TSO shall ensure that the FCR 

corresponds to the following properties listed for its Synchronous Area applying to all FCR 

Providing Units and FCR Providing Groups consistent with the values in [NC RfG Article 10 (2) (c)]: 

Table 10: Frequency Containment Reserves properties in the different Synchronous Areas [14] 

Minimum accuracy of frequency 

measurement 
CE, GB, IRE and NE 

10 mHz or the industrial standard if 

better 

Maximum combined effect of inherent 

Frequency Response Insensitivity and 

possible intentional Frequency Response 

Dead band of the governor of the FCR 

Providing Units or FCR Providing 

Groups. 

CE 10 mHz 

GB 15 mHz 

IRE 15 mHz 

NE 10 mHz 

FCR Full Activation Time  

CE 30 s 

GB 10 s 

IRE 15 s 

NE 
30 s if System Frequency is outside 

Standard Frequency Range 

FCR Full Activation Frequency Deviation 

CE ±200 mHz 

GB ±500 mHz 

IRE 
Dynamic FCR ±500 mHz 

Static FCR ±1000 mHz 

NE ±500 mHz 

The accuracy requirements include: 

ǒ The minimum accuracy of System Frequency measurement; 

ǒ Inherent Frequency Response Insensitivity and possible intentional Frequency Response 

Deadband. 

The implications of the accuracy requirements are demonstrated in Figure 10 on a simplified 

control scheme for calculation of FCR activation for a FCR Providing Unit or a FCR Providing 

Group. 
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Figure 10: Implications of accuracy requirements ï simplified control scheme [15]  

The resources activation is linked to the measurement error (Zerr). Therefore, it is essential to 

have the measurement error within the safety limits to allow proper activation of the FRC phase. 

The NC LFCR defines a harmonized value of Ò10 MHz for all Synchronous Areas. This value can 

be used as the reference in the WoC architecture. 

The second requirement of Article 44(1) [14] allows an intentional Frequency Response Deadband 

(cd), but at the same time limits its combined effect with the inherent Frequency Response 

Insensitivity in order to ensure that also small Frequency Deviations are controlled and the 

Frequency Quality Target Parameters can be fulfilled. Furthermore, the requirement ensures that 

the activation of FCR does not start too late after a Frequency Deviation. 

The Full Activation Deviation defines a requirement for activation in terms of Frequency Deviation 

and ensures that the Maximum Steady-State Frequency Deviation is not violated. 

The Full Activation Time of FCR defines a requirement for activation in terms of time by 

guaranteeing a sufficient activation gradient in order to achieve the necessary frequency quality 

and to ensure that the Maximum Instantaneous Frequency Deviation is not violated. 

It is important that the FCR minimum technical requirements defined at Article 44(1) [14] need to 

be considered in the WoC, even though responsibilities of TSOs will be covered at cell level by the 

CSOs.  

As for dimensioning of the FCR, the basic criterion is to withstand the Reference Incident in the 

Synchronous Area by containing the System Frequency within the Maximum Frequency Deviation 

and stabilizing the System Frequency within the Maximum Steady-State Frequency Deviation. 

The Reference Incident has to take into account the maximum expected instantaneous power 

deviation between generation and demand in the Synchronous Area.  

Under the WoC concept, the situation remains similar but at a smaller grid area (i.e., cell level) and 

under the responsibility of the CSOs which can be interpreted by TSOs in such a context. The 

main difference is that there is more focus on solving local problems locally through self-

responsibilisation and self-balance. In the WoC, since the frequency containment process in a 

problematic cell tries to minimize the activation of reserves in neighbour cells, presumably the 

aFCC reserves of each cell should be dimensioned higher to compensate the ñmissing 

collaborationò.  
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As for availability rules, the reference taken into account is Article 45 [14]. For CE, the FCR 

Capacity which can be provided by a single FCR Providing Unit is limited to 5% of the total FCR 

Capacity (currently 150 MW). For GB, IRE and NE due to higher volatility of the systems the loss of 

a FCR shall be taken into account by the continuous FCR dimensioning. Moreover, requirements 

are also specified for: 

ǒ FCR provision by a single FCR Providing Unit in order to limit the consequences of a loss of 

a Power Generating Module, Demand Unit or a Connection Point; 

ǒ The ability to activate FCR in case of persisting Frequency Deviations. 

Regarding the ability to activate FCR three aspects need to be considered: 

ǒ Expected activation of FRR and corresponding relief of FCR within Time To Restore 

Frequency; 

ǒ Possibly limited energy reservoirs in FCR Providing Units and FCR Providing Groups; 

ǒ Possibility of time periods with Frequency Deviations occurring mainly in one direction. 

All these aspects are covered by the NC LFCR, with the respective requirements for activating 

FCR as long as the Frequency Deviation exists but also allowing FCR Providing Units and FCR 

Providing Groups with limited storage as long as certain conditions can be fulfilled (Article 45(6)). 

In particular: 

ǒ Each FCR Providing Unit or FCR Providing Group with energy reserves which are not limited 

(e.g. fossil-fuelled power plants) shall activate FCR as long as the Frequency Deviation 

persists or, as it is the case for GB and IRE, until the same Providing Unit or Providing Group 

has activated FRR. 

ǒ If the energy reservoir is limited, the FCR Providing Unit or FCR Providing Group shall also 

activate FCR as long as the Frequency Deviation persists or the energy reservoir is 

exhausted (or in case of GB and IRE until it has activated FRR). 

These two aspects result to be in contrast with the WoC concept, where there is no a 2-phased 

approach as done today (containment followed by restoration). Conversely, these two latter run at 

the same time-scale and fast reserves are used for restoration immediately. Therefore, the WoC 

benefits from the existence of fast reserves that favour the local activation. Obviously, the FCR 

properties in the Synchronous Area (activation times, frequency deviations, etc.) must be 

considered as reference values for the WoC frequency control process. 

3.1.4 Balance Restoration Control 

In the WoC, the goal of BRC is to restore cell balance and by doing so: restoring inter-cell load 

flows to their scheduled secure values. Based on the difference between scheduled power flow 

and measured/actual power flow across the cell borders, also referred to as the Balance 

Restoration control error, the Balance Restoration reserves available within the cell are activated. 

Restoration Reserves may be offered by loads, production units as well as storage units. The 

combination of resources offered through flexible loads, and possibly local storage as balance 

restoration reserve capacity, will give the CSO a sufficient amount of restoration reserve capacity. 

In the WoC, BRC acts as a primary frequency control helped by the aFCC control. Some 

containment mechanism is still necessary to enter into operation when the BRC is not enough to 

restore the balance. In a WoC architecture, each CSO is thus responsible for activating balance 

restoration reserves when an imbalance within his cell is detected. Within the balance restoration 

control layer, only resources from within the cell can be procured as balance restoration reserves. 

When deviations are observed, the corrective actions are taken using local (intra-cell) reserves. 

Dispatching the reserves by the CSO is based on an ordered list taking into account economic 
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factors, but potentially others as well (e.g., fairness,é). Before activation, the local grid status is 

checked so that activating reserves does not cause congestion or voltage issues within the Cell. 

Therefore, as also discussed in D4.2 [11], the BRC functionality in a WoC architecture monitors 

instantaneous active power import/export profile that was received. In response of observed 

deviations, i.e., cell imbalances, active power is controlled to correct these deviations. In this way, 

the system balance, as well as the frequency, is restored in a bottom-up approach based on local 

observables (cell tie-line power flows). The Cell set-point corresponds to a system balance, and if 

each Cell adheres to its set-point, then the system balance is kept.  

Regulatory Constraints on the BRC Activation Process 

The BRC UC shows resemblance to the current Frequency Restoration Control (FRC), with a 

fundamental difference: BRC is not a slower (secondary) control, but instead is a fast primary 

control ï using many local fast ramping resources like flexible loads or storage ï that runs at the 

same time as the aFCC control (instead of taking over from FCC). Deviations that are observed by 

a cell can be caused by the cell itself, but also by neighboring cells, so there is a level of local 

collaborative balance (and frequency) restoration. It should be noted that BRC acts on a pure local 

observable, whereas the aFCC UC acts on a system level observable (frequency deviation).  

Currently, the frequency restoration process (FRP) - as the process that aims at restoring 

frequency to the nominal frequency, and for Synchronous Areas consisting of more than one LFC 

Area, the process that aims at bringing the power balance to the scheduled value (from NC OS 

[26]) - is regulated by the NC LFCR [14] at transmission level. Figure 11 shows the implementation 

of the FRP from perspective of a LFC Area as a general control scheme.  

 

Figure 11: Frequency Restoration Process and Reserve Replacement Process from a perspective of 

a Load-Frequency Control Area as a general control scheme [15]. 

The FRP is thus designed to control the Frequency Restoration Control Error (FRCE) towards zero 

by activation of manual and automated FRR within the Time to Restore Frequency. In this way, the 

frequency is controlled to its set-point value and the activated FCR are replaced. According to the 

NC LFCR [14], this is triggered by the disturbed LFC Area, under the responsibility of TSOs. Under 

the WoC concept, this current responsibility will be shifted to the CSO, regardless the voltage 
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levels included in the cells under their responsibility area, thereby assuming responsibility similar to 

former TSO responsibility in its Control Area.   

In general, there are several aspects defined in the current regulation which need to be taken into 

account in the BRC functionality developed in ELECTRA: the frequency restoration target 

parameters, the allowable timing to be outside FRCE ranges, evaluation of the dynamic behaviour, 

provision and activation of restoration reserves, as well as dimensioning rules.  

In article 20 [14], the NC LFCR defines the FRCE Target Parameters, which provide a harmonised 

consideration of the FRP as part of the quality framework, while taking into account the physical 

differences between the Synchronous Areas. In detail, there are two FRCE Ranges, Level 1 and 

Level 2. For TSOs of the Synchronous Areas CE and NE: 

ǒ The values of the Level 1 FRCE Range and the Level 2 FRCE Range shall be defined in the 

Synchronous Area Operational Agreement by all the TSOs of the relative Synchronous Areas, 

for each LFC Block at least every year, with the goal of respecting the provisions of Article 19 

i.e., frequency quality target parameters. 

ǒ In case of more than one LFC block, TSOs of the relative Synchronous Areas shall ensure that 

Level 1 FRCE Ranges and the Level 2 FRCE Ranges of the LFC Blocks are proportional to the 

square root of the sum of the Initial FCR Obligations, according to Article 43 for FCR 

dimensioning of the TSOs constituting the LFC Blocks. 

Regarding the FRCE target parameters, the TSOs of the Synchronous Areas CE and NE shall use 

the values shown in Table 11 (Article 20 (2) [14]), for each LFC Block of the Synchronous Area. 

Table 11: Frequency Restoration Control Error target parameters for the Synchronous Areas CE and 

NE [14] 

  Level 1 FRCE Level 2 FRCE 

Number of time intervals per year 

outside the level FRCE Range within a 

time interval equal to the Time to 

Restore Frequency 

< 30% < 5% 

If a LFC Block consists of more than one LFC Area, the values of the Level 1 FRCE Range and the 

Level 2 FRCE Range, as well as the FRCE Target parameters shall be defined in the Synchronous 

Area Operational Agreement, by all the TSOs of the LFC Block, for each LFC Area complying with 

Article 20 [14]. On the other hand, for the Synchronous Areas GB and IRE, the Level 1 FRCE 

Range shall be ±200 mHz and the Level 2 FRCE Range shall be ±500 mHz (Article 20 of NC 

LFCR  [14]). Regarding the FRCE target parameters, the TSOs of the Synchronous Areas CE and 

NE shall use the values shown in Table 12 (Article 20 (5) [14]) of a Synchronous Area, and the 

fulfillment of these target parameters should be done on annual basis. 
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Table 12: Frequency Restoration Control Error target parameters for the Synchronous Areas GB and 

IRE [14] 

  Level 1 FRCE Level 2 FRCE 

GB IRE GB IRE 

Maximum number of time 

intervals outside the level FRCE 

Range 

ḗΞ3% ḗΞ2% ḗΞ1% ḗΞ1% 

According to the Article 34(2) of NC LFCR [14], the FRCE is the Area Control Error (ACE) of a LFC 

Area where there are more than one LFC Area in a Synchronous Area; or, the Frequency 

Deviation where one LFC Area corresponds to the LFC Block and the Synchronous Area. In 

particular, according to the Article 34(3) of NC LFCR [14], the ACE of a LFC Area shall be 

calculated from the deviation between the scheduled and actual power interchange of a LFC Area 

(including Virtual Tie-Lines if any) corrected by the frequency bias (K-Factor of the LFC Area 

multiplied by the Frequency Deviation). This shows similarity to the BRC functionality, focusing on 

local inter-cell tie-line power flow deviations but at cell level rather than system frequency, where 

the responsibility for detecting and correcting such real-time deviations is delegated to local 

(i.e.cell) operators. The main principles defined by the NC LFCR [14] at control area are still 

applicable within the WoC instead at control cell level. 

As for the dynamic behaviour of the system frequency or the FRCE, several criteria are used to 

evaluate it when a bigger disturbance causes the respective parameter to exceed a range (e.g. 

Standard Frequency Range) and must be returned to the lower range. The respective criteria can 

be seen as different forms of ñtrumpet curveò evaluation. The quality of BRC is assessed in a 

similar manner to the assessment of current secondary control in control areas, where trumpet-

shaped curves are defined on the basis of values obtained from experience and the monitoring of 

system frequency over a period of years [27]. When the frequency is maintained within the 

trumpet-shaped curve during the BRC process it is considered effective in terms of technical 

control. 

With reference to the FRR activation, the set-point value can be determined manually by the 

operator (feed-forward control) and/or in an automated way (feed-back control). The latter requires 

a Frequency Restoration Controller with proportional-integral behaviour implemented in the control 

system of the TSO (Article 34 of NC LFCR [14]). In particular, as stated at Article 34(4) [14], this 

controller shall:  

ǒ be an automatic control device designed to reduce the FRCE to zero;  

ǒ be operated in a closed-loop manner with FRCE as input and set-point value for FRR 

activation as output;   

ǒ have proportional-integral behaviour; and have a control algorithm which prevents the 

integral term of a proportional-integral controller from accumulating the control error and 

overshooting.  

In the WoC, the CSO will provide autonomous control of balance/frequency, and this could 

radically change the present paradigm, involving a central TSO control room/centre, to instead 

require significantly reduced manual operator interaction for real-time control. In particular for BRC 

functionality, each CSO is responsible for activating BRC reserves when an imbalance within his 

cell is detected, and for dispatching the reserves based on an ordered list. 








































































































