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1.     EXECUTIVE SUMMARY 

 

The EU-SysFlex project aims to identify the challenges that will be faced by the European Power System with the 

transition to high levels of variable, non-synchronous Renewable Energy Sources (RES). In addition, EU-SysFlex 

seeks to propose mitigations and solutions to those challenges to ensure that the European power system can 

continue to be operated safely, securely and efficiently. These solutions can include technical options, 

procurement of system services (both new and existing), operational strategies and new market designs.  

 

Work Package (WP) 2 is the starting point of the project as its goal is to evaluate the challenges, both technical 

and financial, arising in the future European power system. Task 2.1 reviewed the state of the art literature to 

identify the potential technical scarcities that could arise when operating power systems with high levels of 

renewable generation, and in particular with high levels of variable, decentralised and non-synchronous sources. 

A scarcity can be loosely defined as a shortage of something that the power system has traditionally had in good 

supply; for example, inertia is a commonly cited scarcity in high renewable systems [1].  

 

The scarcities identified through the literature review were grouped into six categories: stability issues 

(frequency, voltage and rotor-angle), congestions issues, operating processes such as black-start and system 

restoration issues and balancing and system adequacy issues. The subsequent studies, which would seek to 

determine if these technical scarcities are likely to materialise in the future European power system, were to be 

scenario driven and thus scenarios and network sensitivities were developed in Task 2.2. Detailed models and 

methodologies were developed in Task 2.3, and Task 2.4 then utilised the developed scenarios and models and 

identified the technical scarcities and challenges that will be faced by the European power system when operating 

with high shares of non-synchronous renewable generation penetration. Studies were also carried out to identify 

the changes in power flows and their impact on congestions with the decentralised and distributed aspects of 

these power sources. Task 2.5 evaluated issues associated with incorporating high levels of renewables into the 

energy-only market and revealed that financial gaps could occur for many technologies in the portfolio with high 

levels of renewables. System services were identified in Task 2.5 as having the potential to provide an additional 

revenue stream to generating technologies and service providers, thereby mitigating the financial gap challenges.  

 

Task 2.6 is the final task of WP2 and is the focus of this report. Task 2.6 aims to demonstrate, via simulations, 

potential mitigations and technology options that could be utilised to provide the needed system services 

capability to solve the technical issues, when possible based on the technologies demonstrated within the EU-

SysFlex project. The primary objective is to facilitate the modelling of the capabilities that are needed to solve 

these technical scarcities rather than focussing on the technologies themselves. Like the scarcities observed in 

Task 2.4, the mitigation of scarcities is power system specific. Investigations for combinations of system and 

proposed mitigations are preformed using detailed models of the Ireland and Northern Ireland power system for 

all scarcities observed in Task 2.4, a detailed model of the Polish transmission system that is connected to an 

approximate model of neighbouring countries observing voltage and rotor angle scarcities, and a reduced six 

nodes model of continental Europe for frequency scarcities in conjunction with a detailed dispatch model.  
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This report successfully demonstrates, through simulations, and utilisation of specific technologies as a means of 

representing capability, the ability to mitigate some of the key technical scarcities identified in Task 2.4.  

 

In general, each technology or mitigation measure is largely demonstrated in isolation, but it should be 

acknowledged that in reality a range of solutions will be needed. The mix of solutions which will be required will 

need to be assessed holistically in order to take account of any interactions and synergies. The reason is that 

some scarcities, as is shown in this report, can be mitigated by a range of different technologies and strategies, 

while some technologies can be effective in mitigating a selection of different issues. The key will be to identify 

the mix of technologies that will be needed to ensure safety and reliability of the system and to deliver value to 

consumers.  

 

The most efficient way to deliver the right mix of technologies would be to develop the correct electricity markets 

and incentivise investment, providing choice.  For more information the reader is directed to both the Task 3.1 [2] 

and the Task 3.2 [3] reports, which detail a range of different innovative system services products and potential 

market designs for procuring, activating and remunerating innovation system services products, respectively.  

 

Network technologies, such as synchronous condensers, STATCOMS and Static VAr Compensators (SVCs), as well 

as renewable technologies such as wind and solar generation, plus batteries and the demand-side, are found to 

be suitable technologies for mitigating a range of scarcities that will manifest themselves at high levels of 

renewables. This is a critical result as these are the technologies that are inherently going to be online and 

operating at times of high renewables and it will become more and more unlikely that conventional synchronous 

will be online at such instances. While some aspects of the economics of the various technologies have been 

touched upon, the specifics are largely out of scope of this study. However, it has been demonstrated in 

Deliverable 2.5 of EU-SysFlex that there is significant value to the power system in utilising system services 

capability in order to enable the evolution of the system operation [4].  

 

A range of system services that provide support in mitigating a number of system scarcities identified in Task 

2.4 were represented by the utilisation of specific technologies. System services have proven that they can 

incentivise investment in new technologies that can provide a needed capability. It is important to note that the 

technologies discussed in this report are not exhaustive; they are typical examples of technologies that may 

provide the needed capability in mitigating these scarcities. The high level outcomes of these investigations are 

summarised below.  

Frequency Stability Control: 

A number of different mitigations and technologies have been demonstrated for both the Continental European 

power system and the Ireland and Northern Ireland power system to help with the significant frequency issues 

that were identified in Task 2.4. Crucially, many of the technologies which are modelled to illustrate those 

mitigations are non-conventional and thus would be mitigation measures that would be available at times of high 

renewable generation.   
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Synchronous inertial response (SIR) capability from Synchronous Condensers and conventional synchronous 

generators are demonstrated in both the Continental European system and the Ireland and Northern Ireland 

power system. Synchronous Condensers are shown to be good alternatives to conventional synchronous 

generating plants for inertia provision in the Continental European power system, while, in the Ireland and 

Northern Ireland power system, they are found to be effective in slowing the rate of RoCoF resulting in a delayed 

nadir thereby facilitating ŦǊŜǉǳŜƴŎȅ ǊŜŎƻǾŜǊȅ ǇǊƻǾƛǎƛƻƴ ŦǊƻƳ ǊŜǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ 5{¦Ωǎ ŀƴŘ pumped hydro.  

 

It is important to note that Synchronous Condensers alone cannot mitigate frequency stability issues, but in 

combination with other mitigation measures they can be very beneficial. Synchronous Condensers contribute to 

the system inertia without impinging upon the generation levels of non-synchronous renewables. More 

importantly still is the fact that synchronous condensers are very cost effective technologies for providing 

synchronous inertial response. 

 

Whilst the use of carbon intensive conventional synchronous generators to provide inertia is counter to the 

overall objective of progressing along the path to decarbonisation of the power system, it is important to 

acknowledge the significant role conventional plants still have to play over the coming years in the transition to a 

more decarbonised system and the huge contribution they make to not only system inertia, but also to long-term 

frequency response. It has been proven in Ireland and Northern Ireland to-date that if the right incentives are in 

place, and it is technically feasible, it is possible for large synchronous generators to reduce their minimum stable 

generation level, thereby enabling greater penetrations of renewables but also crucially continuing to provide the 

same level of inertial response.  

  

Fast frequency response (FFR) capability from Battery Energy Storage Systems (BESS) and wind turbines are 

demonstrated for the Ireland and Northern Ireland power system. Analysis shows the significance of FFR 

provision in terms of frequency stability especially during times of high SNSP levels. FFR has a dual effect in that it 

can increase and delay the frequency nadir thereby enabling other system resources with a slower frequency 

response provision to contribute.  

 

Studies also indicate that the frequency response capability from wind farms can be beneficial in supporting 

frequency stability particularly at times of high SNSP levels, through the provision of Primary Operating Reserve 

(POR)1 . Frequency control of wind farms in Ireland and Northern Ireland is often used to address over frequency 

issues through downward frequency response, however, this frequency control capability could potentially be 

used to address under frequency issue by providing additional active power output for upward frequency 

response during times where wind is either curtailed or constrained. 

A number of considerations for potential operational policies are also explored in addition to the demonstration 

of system services capability in both the Continental European power system and the Ireland and Northern 

Ireland power system. The potential operational policies that are explored include: 

                                                           
1 Frequency Containment Reserve in EGBL 
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1. Occasional limitations of the cross-borders flows in the Continental European Power system or the 

occasional decreasing of the magnitude of the Largest Single Infeed (LSI) in the Ireland and Northern 

Ireland power system (i.e. limitation of flows on interconnector);  

2. Maintaining a minimum number of conventional units on the Ireland and Northern Ireland power system 

in order to ensure a minimum amount of inertia thereby occasionally reducing generation from variable 

renewable resources. 

  

These operational mitigations could be effective options for supporting the transition or evolution of the power 

system towards decarbonisation, in conjunction with the arrival of system services provision from non-

synchronous technologies and until such technologies are more widespread and prolific.  

 

Voltage Stability Control: 

It is demonstrated for both the Continental European power system and the Ireland and Northern Ireland power 

system that there are many different mitigations and technologies that can help with the significant voltage issues 

that were observed in Task 2.4. 

 

Mitigation of the steady state voltage scarcity will require the provision of Steady State Reactive Power support 

(SSRP) capabilities from non-conventional technologies deployed in specific geographical locations. The reactive 

power reserve activation from wind generation, capacitors and shunts are shown to be good alternatives to 

conventional synchronous generating plants for reactive power provision in the Continental European power 

system. While, in the Ireland and Northern Ireland power system, mitigation to the steady state reactive power 

scarcity is established by the results of QV analysis whereby an increased reactive requirement is identified for 

weak buses in order to maintain acceptable levels at all nodes under normal operating conditions and following a 

system disturbance. Static and dynamic reactive resources are found to be effective in mitigating this scarcity. 

These additional resources may include, but are not limited to Capacitor Banks, STATCOMS; Static VAr 

Compensators (SVCs), Synchronous Condensers and potentially the reactive capability from some DSO connected 

wind farms to complement the existing reactive capability from TSO connected wind.  

 

Task 2.4 also established the emergence of a dynamic voltage scarcity during fault recovery due to a reduction in 

system reactive power with the number of synchronous generators decreasing to enable higher shares of RES on 

the system, leading to degradation in dynamic voltage performance. There is a range of system services to 

support the voltage stability scarcity. Dynamic Reactive Response (DRR) capability from Synchronous 

/ƻƴŘŜƴǎŜǊǎΣ {ǘŀǘŎƻƳǎ ŀƴŘ {±/Ωǎ ǿŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ in the Ireland and Northern Ireland power system to help 

mitigate this dynamic voltage scarcity. Synchronous Condensers provide instantaneous reactive power support 

while ramping reactive power support is obtained from STATCOMs and SVCs. Analysis shows that the fast 

provision of DRR is vital in mitigating a dynamic voltage scarcity and also reveals that the location of a DRR 

provision resource is key in mitigating the scarcity identified in Task 2.4. Additional future studies would be 

required in determining the optimal placement of DRR resources.  
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Importantly, many of these reactive power providing technologies will be available at times of high variable 

renewable generation and, apart from the renewable technologies themselves, they typically do not provide 

active power and so utilising these technologies to provide reactive support would not displace renewable 

generation and thus would support the overall objective of reaching high renewable penetrations and ultimately 

decarbonisation of the power system.  

 

Rotor Angle Stability Control: 

A number of different mitigations and technologies have been demonstrated in alleviating some of the rotor 

angle stability issues observed in Task 2.4 in both the Continental European power system and the Ireland and 

Northern Ireland power system.  

 

The tuning of Power System Stabilisers (PSS) of relevant conventional synchronous generators was 

demonstrated for the Continental Europe power system in order to mitigate damping oscillation scarcities. 

Results indicate that optimal tuning of power system stabilisers alongside automatic voltage regulators of the 

conventional synchronous machines may contribute to the augmentation of the oscillation damping in the power 

system. This is important as conventional plants still have a crucial role to play over the coming years in the 

transition to a more decarbonised system and it is critical that all technologies can work in harmony to deliver 

upon the end goal.  

 

A number of options are investigated in the Ireland and Northern Ireland power system focusing on potential 

technical solutions and their capabilities including the addition of Power System Stabiliser (PSS) to specific 

oscillating units and the addition of Synchronous Condenser and STATCOMS to provide the needed capabilities. 

Examinations on the Ireland and Northern Ireland power system demonstrate that the addition of PSS or 

STATCOM provides significant damping, while a slightly more limited mitigation effect is observed for the 

Synchronous Condenser. 

 

Dynamic Reactive Response (DRR) capability from Synchronous Condensers, {¢!¢/ha{ ŀƴŘ {±/Ωǎ is 

demonstrated in the Ireland and Northern Ireland power system for mitigating synchronising torque scarcities. 

Analysis shows large quantities of these technologies would be required to alleviate this localised issue. Studies 

reveal that the most appropriate mitigation option appears to be consideration of an operational policy under 

specific circumstances and system conditions that would result in the modification of the considered unit 

commitment by dispatching down the unit that loses synchronism and increasing the output of another generator 

to accommodate the shortfall in generation from the dispatch down process.  

The development of a new damping product may be necessary in order to incentivise sufficient capabilities and 

performances to deal with this specific scarcity. System services have already proven that they can incentivise 

investment in new technologies that can provide a needed capability. 
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Congestion: 

Indications across Europe suggest that transmission network congestions may become one of the most difficult 

challenges in dealing with high levels of Renewable Energy Sources (RES) integration. Respective cost-benefit 

analyses and societal pressure demonstrate that it may not be economically viable to develop transmission 

networks that would guarantee compliance with the traditional security/planning criteria under all 

conditions/scenarios. 

 

The experience of the countries dealing with a high level of RES integration undoubtedly shows that the pace of 

transmission network development may not be capable of following the pace of RES integration. This uneven 

balance can at times result in the imposing of constraints on renewable generation such as wind. Analysis carried 

out in Task 2.4 to assess the impact of increasing high levels of RES on the Ireland and Northern Ireland power 

system indicated that as SNSP levels increase there will be a significant rise in the frequency of transmission line 

overloading above 100% of thermal capability.  

 

A number of mitigations demonstrate potential solutions for the challenge of congestion and illustrate the 

capability of certain measures or specific technologies. Although the strategy applied by many TSOs across Europe 

in relation to the system congestion is to maximise the use of the existing transmission networks and to minimise 

new build, results in Task 2.6 indicate that in some areas there may be no alternative except to invest in new 

infrastructure. Uprating existing lines could be seen to be an alternative to investing in completely new lines or 

circuits. Additionally, it should be noted that in the case that no new network can be built for social and/or 

environmental reasons, alternative, novel mitigations would need to be considered for managing congestion.   

 

Results from the Ireland and Northern Ireland power system show that a number of reinforcements (addition of 

110kV & 220kV Circuits) are required in terms of reducing the total overload index (TOI) and mitigating the 

congestion challenge for some critical hours, however further reinforcements or operational mitigation measures 

are required for less critical hours. While it is evident that these reinforcements have a positive impact on 

network congestion, the planning process must have cognisance of the potential risks associated with relying on 

network reinforcements (cost, societal and environmental pressures and build times).  

 

Results also demonstrate that reinforcements are not the solution to all congestion related issues, and 

alternative mitigation mechanisms also need to be seriously considered. A Preventive Security Constrained 

Optimal Power Flow (PSCOPF) tool was utilised for the Ireland and Northern Ireland power system as a novel 

approach in identifying optimised load shifting, generation adjustments, phase shifter angle and tap changes 

requirements in order to eliminate congestion in the less critical hours. The operational mitigation results indicate 

a combination of load shifting and optimised adjustments of the PST angle are sufficient in removing 

overloading violations under consideration without the need for any further reinforcements. 

 

As previously alluded to, congestion can be mitigated in a number of ways, including infrastructural investment, 

network reconfiguration and re-dispatching as well more innovative concepts such as smart power flow 
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controllers and demand-side management (DSM). From the studies on the concept of smart power flow 

controllers, it is demonstrated that such devices can bring about a modest reduction in the degree of overloads 

and they can be used as a single mitigation for modestly overloaded lines. However, power flow control devices 

alone are not sufficient to completely remove overloading violations for lines. They would need to be used in 

conjunction with other mitigation options.  

 

A key benefit of DSM for congestion mitigation is that at high levels of renewables demand will still be available to 

some extent and also due to the fact that loads are dispersed throughout the system. However, one limitation is 

that it is inherently tied to specific end-users and the inconvenience to them needs to be minimised or avoided. In 

addition, in some areas where congestion management is most needed, there are limited load centres (i.e. North-

West region of the island of Ireland) and thus, the ability of DSM to provide congestion mitigation is limited. 

However, the proof of concept study demonstrated that there is potential for DSM to provide decreases in overall 

system costs plus a decrease in network loading on certain lines, an indication of some mitigation of congestion. 

 
The overarching conclusion from the work on congestion management is that a range of different measures and 

options will be required to reduce network load, whilst minimising or avoiding network build. In order to 

optimise use of all the solutions required, coordination at system level, between all system players, would be 

necessary. 

 

Maintaining Generation Adequacy and Supporting Renewables Integration:  

In addition to the suite of technical challenges and instabilities associated with transition to high levels of 

renewables, a potential reduction in system adequacy has also been identified as a challenge associated with 

displacement of conventional generation. As power systems transition to having portfolios with higher levels of 

vRES, the capacity of vRES that is required to displace conventional capacity, and still maintain the same level of 

generation adequacy, increases dramatically. This is a result of the variable nature of these resources and the fact 

that renewable generation availability may not coincide with peak demand times. Uncertainty of generation 

capacity and system interdependencies were also identified in the state of the art review in Deliverable 2.1 as 

scarcities to achieve a capacity-adequate European power system [5]. 

 

It should be noted that although a portfolio may be sufficient from the point of view of generation adequacy and 

having sufficient capacity to meet peak demand, there is no guarantee that the portfolio also has the requisite 

fast responding capability that has been shown in Task 2.1 and confirmed in T2.4 to be vital for secure power 

system operation. Adding a large amount of interconnections and peaking plants will address the 3h loss of load 

criteria/adequacy standard, but leads to low load factors for peaking units and does not result in a portfolio with 

the right level of capability to support the integration of variable renewables.  

 

The aim of the adequacy work in this report is to provide a first order indication of the magnitude and global 

tendencies linked to the integration of stationary batteries and EV smart charging in Continental Europe and 

demonstrate that they have a positive impact on overall system commitment and dispatch, and thus can support 

the goal of integrating high shares of renewables and maintaining generation adequacy. It is demonstrated that, 
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for the Continental power system, batteries and EVs have a positive impact on the ability to satisfy the 3h loss 

of load criteria whilst supporting vRES integration through a reduction of curtailment levels and a reduced use of 

CO2-emitting peaking units. 

 

EV development and battery deployment supports vRES integration onto the power system. The need for gas 

power plants is reduced with the integration of batteries, while EV smart charging displaces twice as many gas 

units compared to batteries alone. Additionally, batteries and EVs both have a positive, downward effect on 

renewable curtailment levels and system production costs, indicating their net benefit to the overall power 

system.   

 

The role of networks and system interdependency in transmitting power across Europe was also demonstrated as 

an enabler for the integration of higher levels of vRES. However, as discussed in relation to mitigating 

congestions, networks development is limited by cost, societal and environmental pressures and lead times. 

 

Summary:  

It has been demonstrated throughout this report that renewables and non-conventional technologies are well 

positioned to provide a range of different system services capability which is needed to mitigate the technical 

scarcities. This is vital as these are the mitigation measures that would be available at times of high renewable 

generation, times when the scarcities are typically more severe due to the displacement of tradition service 

providers such as conventional synchronous plants.  

 

In general, each technology, concept or mitigation is demonstrated in isolation, but it should be acknowledged 

that in reality a range of solutions will be needed. The required mix of solutions will need to be assessed 

holistically in order to consider trade-offs and synergies. The reason is that some scarcities, as is shown in this 

report, can be mitigated by a range of different technologies and strategies, while some technologies can be 

effective in mitigating a selection of different issues. The key will be to identify the mix of technologies that will be 

needed to ensure safety and reliability of the system and to deliver value to consumers. Future markets will need 

to be designed such that they successfully promote a choice for investors and incentivise investment in 

technologies which will ultimately have the right capability needed to support the power system in the transition 

to high levels of variable renewable generation and ultimately towards decarbonisation. 

 

It can be concluded from WP2 that there is a clear need for system services (Task 2.4), that the capability of 

system services from many technologies to mitigate scarcities exists and can be successful in resolving the 

challenges of the future power system (Task 2.6) and that the value of system services (Task 2.5) is considerable 

and system services markets will be needed to manage the challenges associated with falling energy market 

prices and falling generator revenues, whilst incentivising the required system services capability.   
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2.     INTRODUCTION 

 

     CONTEXT 2.1

 

The EU-SysFlex project seeks to enable the European power system to utilise efficient, coordinated flexibilities in 

order to integrate high levels of renewable energy sources and to meet European decarbonisation objectives. One 

of the primary goals of the project is to examine the European power system with at least 50% of electricity 

coming from renewable energy sources (RES-E). In order to transition to a decarbonised power system and to 

reach at least 50% RES-E on a European scale, Europe needs to develop low carbon and renewable technologies. 

In some countries, these low carbon technologies could be predominately variable non-synchronous renewable 

technologies such as wind and solar. In the context of the EU-SysFlex project, high levels of renewable generation 

are defined as being installed capacities of renewables that succeed in meeting at least 50% of the total annual 

electricity demand. As hydro power potentials are largely exploited in many regions, and biomass growth is 

limited by supply constraints, an increasing part of the growth is expected from variable non-synchronous 

renewables [6]. In addition to developments in renewable electricity, there is also a trend towards sector coupling 

with, for example, increased electrification of heat and transport, which is seen to be an enabler of the power 

system transition. While this is clearly an advantage and an opportunity, this can also create challenges for the 

transmission and distribution networks. Distribution networks in particular were not designed for accommodating 

embedded generation and this can lead to the need for expensive infrastructure investment.  

 

Transitioning from power systems which have traditionally been dominated by large synchronous generating 

units to systems with high levels of variable non-synchronous renewable technologies has been shown to result in 

technical challenges for balancing and operating power systems safely and reliably. This is due to the non-

synchronous nature of these technologies as well as the variable, distributed and decentralised nature of the 

underlying resources. Deliverable 2.1 of this Work Package [5] has performed a comprehensive review of the 

literature and identified a number of key technical scarcities associated with integration of variable non-

synchronous generation and the associated displacement of conventional synchronous generation. These 

scarcities, if not mitigated, may impact the security and stability of the power system of the future.  

 

The advent of non-synchronous renewable generation, and the associated displacement of conventional 

generation, will result in a need for system services traditionally provided by conventional generation to be 

provided by different technologies. This is to ensure that there will be sufficient frequency control capabilities 

across multiple time frames. Displacement of conventional technologies can also lead to a range of instabilities 

and issues with reactive power control. High levels of variable generation can cause an increase in network 

congestion, especially when generation is situated far away from load centres. Furthermore, displacement of 

conventional generation can lead to a lack of system restoration capability and a need for additional system 

services to provide black start services. In addition, the challenge of maintaining system adequacy with increasing 

variable renewable sources such as wind and solar generation has also been identified. 
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As a consequence of these technical challenges, there is an increasing need for provision of system services from 

wind and solar, as well as enhancement of existing technologies and coordination within the whole system, 

generation, demand and networks, to improve capability and maintain reliable balancing and adequacy.  

 
     WORK PACKAGE 2 AND TASK 2.6 WITHIN EU-SYSFLEX 2.2

 

Work Package (WP) 2 forms a crucial starting point for the EU-SysFlex project. WP2 performs detailed technical 

power system simulations of the European power system with high levels of renewable generation as well as high 

levels of electrification. The main objective is the assessment of challenges of the pan-European power system 

with high levels of renewables.  

 

The first deliverable of WP2 was completed as part of Task 2.1 - D2.1 - State-of-the-Art Literature Review of 

System Scarcities at High Levels of Renewable Generation [5]. Deliverable 2.1 divided the technical scarcities from 

the literature into a number of categories;  

 

¶ frequency stability;  

¶ voltage stability;  

¶ rotor angle stability ;  

¶ network congestion;  

¶ system restoration and 

¶ system adequacy.  

 

Most of these technical scarcities and challenges were identified in Task 2.4. To enable this assessment, it was 

first necessary to develop scenarios [7] and dynamic models [8]. Task 2.2 defined a set of pragmatic and 

ambitious scenarios for renewable and low carbon generation deployment in Europe [7], while Task 2.3 

developed detailed dynamic models to simulate technical scarcities on the European system. Task 2.4 employed 

those scenarios and models to perform detailed simulations to determine the technical shortfalls of future power 

systems. Task 2.5 completed the picture by performing techno-economic analysis using production cost modelling 

to assess, among other things, the financial gap in revenues available for generating technologies from the 

energy-only market.  

 

Task 2.6 sets out to provide evidence and simulation-based demonstration of some potential solutions and 

mitigations. While a range of specific technologies are modelled in this task, the primary aim of this approach is to 

facilitate the modelling of the capabilities that are needed to solve the technical scarcities and it is less about the 

technologies themselves. It is important to note that it is acknowledged that the technologies discussed in this 

report are not an exhaustive list. Instead they are typical examples of technologies that can provide the needed 

capability.  
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     SUMMARY OF KEY FINDINGS FROM TASK 2.4 AND TASK 2.5  2.3

 

Analysis in Task 2.4 on the Continental European power system demonstrated technical scarcities associated with 

certain domains of system stability (e.g. voltage control), whilst also highlighting increasing areas of concern for 

other domains (e.g. frequency control & congestion). An indication of the evolution of system needs 

(characterised by scarcities) due to a potential change in the system generation portfolio was evident for the 

Continental European system. The Ireland & Northern Ireland power system clearly demonstrated technical 

scarcities across multiple categories of system stability for the scenarios analysed. Across all the considered 

systems, it is evident that some technical scarcities require mitigation measures to enable secure system 

operation of the power system in 2030. 

 

As previously mentioned, most of these technical scarcities and challenges were identified in Task 2.4. Adequacy 

however was not assessed in Task 2.4 as the scenarios were, by design, generation adequate. However, adequacy 

in the high RES scenarios, for Continental Europe in particular, was ensured by adding flexible Gas Turbines (CCGT, 

OCGT), a solution that not only limits decarbonisation at European level, but also does not guarantee the correct 

level of services capability, as was evidenced by the range of technical scarcities and challenges identified in Task 

2.4. Additionally, it was found that even generation adequate portfolios can have financial issues for generators in 

an energy-only market in Task 2.5.  

 

Task 2.5 found that increasing levels of variable renewable generation on the Continental European system will 

fundamentally change the operation of the power system, with a greater need for flexible plants like OCGT. In 

addition, the numbers of hours when variable renewable generation exceeds demand levels will increase sharply 

by 2030. Effectively, if system operations continue with the status quo, the addition of greater levels of variable 

renewable generation results in increasing levels of curtailment. However, it was found that if operation of the 

power system can evolve as a result of the introduction of enhanced system services capability, curtailment levels 

can be maintained at acceptable levels whilst realising the decarbonisation benefits associated with variable 

renewables. Task 2.5 also demonstrated that enhanced System Services could provide a valuable revenue stream 

to improve the financial viability of both vRES and conventional technologies, whilst also providing the needed 

incentive to invest in technologies that will allow for mitigation of the technical scarcities identified in Task 2.4.  

 

The results from WP2 are very relevant to WP3 of the project, which focusses on market design and regulatory 

options for innovative system services. Task 3.1 [2] provided a range of potential products for system services 

that would be needed to solve a range of needs and scarcities, as identified in Task 2.1. These system services 

could be further developed and enhanced, and combined with new innovative services, in conjunction with 

market design developments [2]. The capability from many of the system services previously described in Task 3.1 

is demonstrated through simulation in this report for Task 2.6.  

 

Complementary to the analysis of the potential for new system services to solve technical issues, there is a need 

to examine remuneration mechanisms and explore the need to employ new and innovative market designs to 
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incentivise the capability. The work on potential new market designs is conducted in Task 3.2 and is described in 

the associated deliverable [3].  

 

     OUTLINE OF THE REPORT 2.4

 

The report starts with a brief review of the scenarios, generic methodology used for all types of analysis, and 

provides sufficient context for the reader to comprehend the results presented in subsequent chapters. For more 

detailed on information on the scenarios and the models, the reader is directed to Deliverable 2.2 and Deliverable 

2.3, respectively, of the EU-SysFlex project [7] [8]. Chapter 4 to Chapter 6 present analysis on specific categories 

of system stability mitigation, with a view towards identifying a number of mitigation options available for the 

technical scarcities observed in Task 2.4. For each of these chapters, subsections are created to present the 

results relevant to the system (Continental Europe, and Ireland & Northern Ireland). Chapter 4 focusses on 

frequency stability, Chapter 5 deals with voltage stability (steady state & dynamic), and analysis and results 

relevant to rotor angle stability are presented in Chapter 6.  Chapter 7 describes potential reinforcement options, 

as well as novel and innovative mechanisms, such as smart power flow controllers and demand-side 

management, to limit and manage congestion on the Ireland and Northern Ireland transmission network at very 

high levels of variable renewables. Chapter 8 investigates the potential of selected technologies, such as battery 

storage and Electric Vehicles tested in the EU-SysFlex demonstrations, in Continental Europe, to deal with 

maintaining generation adequacy at high levels of variable renewables. 
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3.     OVERVIEW OF SCENARIOS, MODELS AND METHODOLOGIES 

 

As outlined in the Task 2.2 deliverable [7], two categories of scenarios are being utilised in EU-SysFlex to study the 

2030 power system, Core Scenarios and Network Sensitivities:   

 

Core Scenarios ς These are the central scenarios which will define the installed generation capacities by fuel type, 

demand, interconnection and storage portfolios to be used. These scenarios will be used to produce total annual 

energy demand as well as total annual energy production by source and fuel type. These scenarios will be used 

throughout the project for technical and production cost simulations on a pan-European basis.  

 

Network Sensitivities ς These are sensitivities which examine various parts of the European network in 2030 and 

will vary the capacities and locations of demand, generation, interconnection or storage in order to examine 

various scenarios in specific countries of the European power system. These sensitivities will be used to assess 

more specific technical scarcities in certain parts of the European system. 

 

The two chosen Core Scenarios are Energy Transition and Renewable Ambition, which have a percentage of 

electricity from renewable energy sources (RES-E) with respect to overall demand of 52% and 66%, respectively, 

on a pan-European basis. A short summary of each scenario is provided below. In addition, various Network 

Sensitivities have been developed which seek to stress particular parts of the European network in order to 

examine further technical scarcities in greater detail. These Network Sensitivities are used to investigate more 

onerous or more ambitious generation and demand portfolios for specific areas and countries. The Network 

Sensitivities are focused on the areas of the European power system which will undergo increased analysis and 

simulations. Therefore, the areas which were primarily chosen for Network Sensitivities are the Ireland and 

Northern Ireland power system and a sub-network of the Continental European power system centred on the 

Polish network. 

 

     EVALUATED SCENARIOS 3.1

 

The evaluated scenarios in Task 2.6 represent a high level vision of each of the pan-European power systems 

considered, as outlined in Deliverable D2.2 [7]. Each scenario involves assumptions relating to 2030 network 

configuration, generation portfolio including large shares of renewable energy sources (RES) and the demand 

level and composition. There are two core scenarios for the pan-European power system. These scenarios define 

the installed generation capacities by fuel type, demand, interconnection and storage portfolios and these 

scenarios are used throughout the project for technical and production cost simulations on a European basis. The 

two core scenarios are the Energy Transition scenario which delivers a 50% RES-E target for the entire European 

power system in 2030 and the Renewable Ambition scenario which represents a 66% RES-E objective for the 

entire European power system, also in 2030.   
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As discussed in deliverable D2.2 [7] additional scenarios, or network sensitivities were also developed. These 

network sensitivities allow assessment of the impact of higher targets of RES-E on specific systems such as the 

Ireland and Northern Ireland power system and the European sub-network around Poland. An overview of the 

scenarios considered in this task and the scarcities and challenges assessed is provided in Table 3-1.  

 

TABLE 3-1: OVERVIEW OF EVALUATED SCENARIOS IN TASK 2.6 

Category  Power System Evaluated scenarios 

Frequency Stability and Control 
Ireland & Northern Ireland Low Carbon Living (LCL) 

Continental Europe Renewable Ambition (RA) 

Voltage Control 

Ireland & Northern Ireland Low Carbon Living (LCL) 

Continental Europe 

Energy Transition (ET) 

Going Green (GG) 

Distributed Renewables (DR) 

Rotor Angle Stability 

Ireland & Northern Ireland Low Carbon Living (LCL) 

Continental Europe 

Energy Transition (ET) 

Going Green (GG) 

Distributed Renewables (DR) 

Congestion Ireland & Northern Ireland Low Carbon Living (LCL) 

System adequacy  Continental Europe Sensitivities on Renewable Ambition (RA) 

 

 

     SUMMARY OF ANALYSIS, MODELS AND METHODOLOGIES 3.2

 

The analysis conducted under Task 2.6 focusses primarily on load flow studies, time domain simulations and 

critical analysis of pre-existing operational practices that were carried out in Task 2.4. Various options for 

mitigations of system stability issues are evaluated in accordance with one of the aforementioned analysis 

methods. The analysis has been focused on selected system snapshots relevant to system scarcities observed in 

Task 2.4. Details regarding snapshot selection are given in the relevant sections of this report. Table 3-2 provides 

an overview of stimuli, analysis methods and study types considered. Further details on the rationale for 

consideration of various study types, analysis methods and stimuli is provided in deliverable D2.3 [8]. 
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TABLE 3-2: OVERVIEW OF THE STUDIES AND MODELS BEING EMPLOYED IN TASK 2.6 

Power System 

under Analysis 
Aim of Analysis Model Analysis Type 

Performed 

by 

Continental 

Power System 

 

 

Demonstrate mitigations 

for frequency instability 

issues 

 

CONTINENTAL 

PALADYN 

 

Time domain simulation 

- Interconnected 

incidents 

- System splits 

EDF 

Demonstrate mitigations 

for the steady voltage 

scarcity  

DIgSILENT 
Load flow analysis: - Intact 

system  and N-1 Faults 

PSEi 

Demonstrate mitigations 

for transient instability 

issues  

DIgSILENT 
Time domain simulation: - Short 

circuit faults 

PSEi 

Demonstrate options 

available for supporting 

integration of renewables 

and assisting with 

maintaining generation 

adequacy 

CONTINENTAL 
Unit Commitment and Economic 

Dispatch Optimisation 

EDF 

 

All-Island Power 

System of Ireland 

and Northern 

Ireland 

 

Demonstrate mitigations 

for frequency instability 

issues 

SFM 

Time domain simulation: - Loss 

of infeed and loss of 

outfeed/exports 

EirGrid 

Demonstrate mitigations 

for the steady voltage 

scarcity  

VSAT/LSAT 
Load flow analysis: - Intact 

system  and N-1 Faults 

EirGrid 

Demonstrate mitigations 

for the dynamic voltage 

scarcity 

TSAT/LSAT 
Time domain simulation: - Short 

circuit faults 

EirGrid 

Demonstrate mitigations 

for transient instability 

issues  

TSAT/LSAT 
Time domain simulation: - Short 

circuit faults 

EirGrid 

Demonstrate mitigation 

options for congestion 

issues  
PSS/E 

PLEXOS 

Load flow analysis: - Intact 

system and with contingencies 

 

AC Power Flow with 

preventative security constraints 

 

UCED with DC load flow.  

EirGrid 
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4.     FREQUENCY STABILITY MITIGATIONS 

 

Frequency stability is the ability of a power system to maintain steady state frequency, following a severe system 

upset, resulting in a significant imbalance between generation and load [9]. Large imbalances are caused by 

severe system disturbances, such as large load or generation tripping, tripping of HVDC interconnectors, or 

system splits.  Frequency control scarcities were observed in Deliverable D2.4 of EU-SysFlex [1] with the transition 

to a power system with high levels of non-synchronous renewables. This section explores a number of possible 

mitigation measures that can be adopted to alleviate/avoid such frequency excursions in Task 2.6, first in the 

Continental, or pan European power system, followed by the Ireland and Northern Ireland power system.  

 

The demonstration of the capabilities that are needed to solve the technical scarcities is the main focus in Task 

2.6; not the technologies themselves. It is important to note that it is acknowledged that the technologies 

discussed in this section are not exhaustive; they are typical examples of technologies that can provide the 

needed capability.  

 

     CONTINENTAL EUROPE 4.1

 

4.1.1 SUMMARY OF ISSUES  

 

With increasing penetration of renewable variable generation, based on power-electronic converters, power 

systems are transitioning away from well-understood synchronous generator-based systems, with growing 

implications for their stability. As wind and PV penetration levels rise, conventional generation will gradually be 

displaced, leading to a reduction in the fraction of generation participating in governor control and in the inherent 

inertia of the system, resulting in faster frequency dynamics following a major network fault or load-generation 

imbalance.  

 

In order to assess the possible mitigations for addressing the issue of frequency stability in the continental 

European power system, in the context of high penetration levels of Variable Renewable Energy Resources 

(VRES), a new methodology has been proposed within Task 2.6 of the EU-SysFlex project The results of analyses 

for continental Europe will be presented in detail in this chapter.  

 

4.1.1.1 BACKGROUND 

 

The continental European power system is modelled in the EDF-ŘŜǾŜƭƻǇŜŘ ǎƛƳǳƭŀǘƛƻƴ ǇƭŀǘŦƻǊƳ άt![!5¸bέ ōȅ ǎƛȄ 

zones, each including one or several countries, as illustrated in Table 4-1. The assumptions, as well as the 

modelling approach of PALADYN, can be found in detail in [10] and the validation approach of the models is 

presented in [11]. 
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TABLE 4-1: FREQUENCY SIMULATION ZONES IN PALADYN 

Zone Reasons to be considered as a zone 
% of CE annual 

consumption 

The Iberian Peninsula (Spain, Portugal) Electrical Peninsula ~11% 

France 
Central role on the Western Europe grid, 

and detailed data available 
~17% 

Northern zone (Austria, Belgium, Denmark, 

Germany, Luxembourg, Netherlands, 

Switzerland) 

Northern countries, closely integrated in 

the power system markets and operation 
~32% 

Eastern zone (Czech Republic, Hungary, Poland, 

Slovakia) 

Eastern Europe countries, some grid 

information missing for this zone 
~12% 

Italy Electrical Peninsula ~12% 

The Balkans (Turkey, Albania, Bosnia, Bulgaria, 

Croatia, Greece, Macedonia, Montenegro, 

Rumania, Serbia, Slovenia) 

Little information available on those 

countries, historical data has been used 

(generation dispatch, FCR, aFRR) 

~16% 

 

In Task 2.4, for each hour of the year in both the Energy Transition (ET) and Renewable Ambition (RA) scenarios, 

two types of incident were simulated, as defined by ENTSO-E, one for interconnected operation and one for 

system splits: 

 

- Interconnected operation: the reference incident corresponds to the simultaneous loss of the two largest 

generation units in each considered zone. In most zones except France, the largest generation unit has a 

nominal power around 1 GW. Therefore, incidents of 2 GW were simulated in every zone apart from in 

France where 3 GW incidents were simulated. 

- System splits: a separation of the Iberian Peninsula, a separation of Italy (similar to the 2003 Italian 

incident), and a split of Continental Europe into three zones (similar to the 2006 historical split) were 

studied, as illustrated in Figure 4-1. 

  

 

FIGURE 4-1: SIMULATED SYSTEM SPLITS INCIDENTS 

 

 

Iberian peninsula Italy Europe in 3
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In the simulations, system splits implied the disconnection of both AC and DC interconnectors, which could be 

deemed as an overly pessimistic assumption. Indeed, DC links could be controlled in order to remain connected in 

case of system splits. This possibility could reduce drastically the severity of the splits consequences and is to be 

thoroughly explored. However, it was deemed relevant to assess the potential worst cases.  

 

For each simulation case, three indicators were derived from the frequency behaviour during the transient: 1) the 

nadir and the zenith, which are respectively the minimum and the maximum values of the frequency (Hz); 2) the 

maximal RoCoF (Rate of Change of Frequency) value, calculated through a sliding window of 500 ms following the 

simulated incident. 

 

4.1.1.2 CONCLUSIONS DRAWN FROM TASK 2.4 

 

Following the simulated interconnected incidents, in both ET and RA scenarios, frequency nadir values appeared 

to be manageable in all zones of the Continental power system and no clear situation of black out was 

encountered over the year. The only frequency stability concern raised was the observation of the possible RoCoF 

overshooting in the Iberian Peninsula in less than 10% of the time following large generators losses. It is therefore 

recommended to specifically take into account inertial constraints in the dispatching process and/or to monitor 

the grid inertia in this area at high penetration levels of VRES, in order to ensure the frequency security in case of 

interconnected incidents. 

 

Regarding the system splits, they intuitively lead to instantaneous imbalances much higher than the 

interconnected incidents. The classical frequency control mechanisms can consequently be not sufficient to cope 

with such incidents, and the system frequency stability can generally only be managed by relying on defence 

actions such as LFSM-O/U2 and load shedding. 

 

Table 4-2 sums up the key simulation results from Task 2.4, results which form the basis of the analysis in the next 

sections. The same trends were observed for the three simulated incidents of system splits, even though the 

results were exacerbated for the splits of the Iberian Peninsula and of Italy, compared to the split of Europe in 

three. All the system splits in the context of RA scenario endanger more the frequency stability, as the possible 

imbalances among zones are higher in RA than in ET, due to the higher development of interconnectors in the RA 

scenario. 

  

                                                           
2 Limited Frequency Sensitive Mode (LFSM) at over frequency (O) or under frequency (U) 
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TABLE 4-2: SUMMARY OF THE MAIN SIMULATION RESULTS OF THE FREQUENCY BEHAVIOUR FOLLOWING SYSTEM SPLITS 

Splitting event 

Energy Transition Renewable Ambition 

NADIR  

< 47.5 Hz 

ZENITH  

> 51.5 Hz 

RoCoF  

> 1 Hz /s 

NADIR  

< 47.5 Hz 

ZENITH  

> 51.5 Hz 

RoCoF  

> 1 Hz /s 

Iberian Peninsula 0% 0% ~ 38% ~ 1% ~ 14% ~ 72% 

Italy < 1% < 1%  ~ 58% < 1% ~ 1% ~ 58% 

Europe in 3 0% 0% ~ 1% 0% 0% ~ 25% 

 

The load shedding mechanism, as modelled in that study, was globally able to maintain the frequency above 47.5 

Hz. There were, however, some few cases for all configurations where the threshold of 47.5 Hz was crossed. 

Regarding zenith values, the study revealed that the LFSM-O, as modelled, was not always sufficient to maintain 

frequency below 51.5 Hz, which is the critical level for the European power system. As previously explained, 

RoCoF values higher than 1 Hz/s represent a challenge for operating the system and this risk was observed in a 

large paǊǘ ƻŦ ǘƘŜ ȅŜŀǊ ƛƴ ŀƭƭ ǘƘŜ ǎǇƭƛǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴǎ ŜȄŎŜǇǘ ƛƴ ŎŀǎŜ ƻŦ ǘƘŜ ά9ǳǊƻǇŜ ƛƴ оέ ǎǇƭƛǘ ƛƴ ǘƘŜ 9¢ ǎŎŜƴŀǊƛƻΦ 

 

In conclusion, it was observed that there could be much higher risks associated with unusually high values of 

RoCoF, and therefore black-out situations, in the RA scenario compared to the ET scenario. This is, due to the 

reduced overall inertia from high penetration rates of RES-E and increased levels of interconnections in the RA 

scenario. The risks were mainly present if power system splits occurred during times of high penetrations of 

variable renewables and thus low inherent inertia.  

 

Some concrete remedy actions, or mitigations, are possible in order to address these issues. The following three 

options are investigated in the next sections: 

 

¶ limiting cross-borders flows to reduce the imbalances caused by system splits; 

¶ curtailing VRES and increasing inertia level with conventional plants, preferably decarbonised generation 

such as hydraulic, biomass or nuclear power plants;  

¶ encouraging alternatives for inertia provision, such as synchronous condensers or grid forming control of 

VRES or storage. 

 

The most cost-effective solution is likely to be an optimal mix of all the aforementioned measures. 

 

Based on these findings, further techno-economic analyses have been performed in Task 2.6 in order to assess 

the possible mitigations to ensure frequency stability in the most critical conditions of grid operation in 

continental Europe.  
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4.1.2 METHODOLOGY AND ASSUMPTIONS TO ENSURE THE SYSTEM FREQUENCY STABILITY IN THE CASE 

OF A SPLIT EVENT 

 

This section introduces the methodology developed and used to assess the most cost effective mix of the three 

aforementioned solutions to ensure system resilience in case of split event. This methodology relies on the 

implementation of local inertial (or kinetic energy) constraints within CONTINENTAL and on an outer Synchronous 

Condensers (SC) investments loop. The following figure (Figure 4-2) gives an overview of the applied approach. 

Each of its steps will be further detailed. 

 

 
FIGURE 4-2: OVERVIEW OF THE PROPOSED METHODOLOGY TO ASSESS FREQUENCY STABILITY MITIGATIONS IN CONTINENTAL EUROPE 

 

This section also tackles some calibration aspects, such as the relevancy of the local inertial constraints regarding 

the different split configurations. It also sums up the main assumptions regarding the technical and economic 

features of a standard type of SC considered by the methodology. 

 

4.1.2.1 IMPLEMENTATION OF NEW LOCAL INERTIAL CONSTRAINTS WITHIN THE CONTINENTAL TOOL  

 

4.1.2.1.1 CONSTRAINT DEFINITION 

 

System splits can happen in reality in all interconnected electrical systems. These events are likely to entail very 

significant power imbalances which can lead to system collapse. Load shedding plans can be essential to restore 

power imbalances and stop the frequency drops. However, the RoCoF values during these events must be limited 

so that generators stay connected and load shedding can be activated in an efficient way. 

 

The following formula exhibits the theoretical absolute RoCoF value following a sudden imbalance: 

 

ὙέὅέὊὸ
Ὢ Ȣ ȿὍάὦὥὰὥὲὧὩȿ

ςȢὑὭὲὩὸὭὧὉὲὩὶὫώ
 

(Eq.  4-1) 

Where:  

¶ Ὢ  (Hz) is the nominal frequency, e.g. 50 Hz 

¶ Kinetic Energy (MW.s) is the amount of rotational kinetic energy stored in the rotating masses of all 

the online synchronous generators;  
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¶ Imbalance (MW) is the value of the imbalance.  

 

The following formula can then be derived to express the constraint that, at any time t, a zone z susceptible to a 

system split would not undergo a RoCoF higher than the defined maximum value RoCoF Max (Hz/s).  

 

 

ὙέὅέὊᾀȟὸ 
Ὢ Ȣ ȿВὊὰέύίὍὲᾀȟὸ ВὊὰέύίὕόὸᾀȟὸȿ

ςȢὑὭὲὩὸὭὧὉὲὩὶὫώᾀȟὸ
ὙέὅέὊ ὓὥὼ (Eq.  4-2) 

Where: 

¶ FlowsIn(z,t) and FlowsOut(z,t) are the import / exports power flows of z suddenly cut by the system split 

 

This constraint has been implemented within the CONTINENTAL tool which is discussed in more detail in 

Deliverable 2.3 of EU-SysFlex [8]. Every European zone likely to suffer from a grid split can be identified as a 

vulnerable zone where a minimum value of inertia must be ensured. In practice, CONTINENTAL has two ways to 

ensure that the theoretical RoCoF value would not exceed the defined upper limit (ὙέὅέὊᾴὥὼ):  

 

¶ increasing the local inertia by starting more conventional generators, thereby curtailing VRES 

¶ reducing the interconnector flows.  

 

These could be considered as two separate potential operational mitigations, however, in what follows, they are 

considered together in order to identify the optimal mix of use of these mitigations.  

 

 
FIGURE 4-3: SHORT DESCRIPTION OF KINERTIC ENERGY CONSTRAINT WITHIN CONTINENTAL 

 

Two maximal values for RoCoF have been chosen for this study: 1Hz/s and 2 Hz/s. As explained in Deliverable 2.4 

[1] these values seem to be in the relevant range of the hypothetical uniform European requirement regarding 

the maximal admissible RoCoF to be withstood by all generators. It is worth reminding that Ireland and Northern 

Ireland impose [12], or will impose, in their Grid Code a maximal ROCOF value of 1 Hz/s. 
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4.1.2.1.2 SECURING A SINGLE ZONE CAN IMPLY SEVERAL INERTIAL CONSTRAINTS: CALIBRATION 

 

An electrical zone can suffer from different system split configurations. Our study considers, for instance, three 

possible split cases for the France zone as illustrated in Figure 4-4: the Iberian split, the Italian split and the 

disconnection with its eastern neighbours (Belgium, Germany and Switzerland). Each one of these possibilities 

needs to be secured through a specific inertial constraint.  

 

 
FIGURE 4-4: THREE SPLIT CONFIGURATIONS FOR THE FRANCE ZONE 

 

Defining inertia constraints for each zone may seem to be too conservative in some cases. Indeed, taking the 

France zone as an example, it would still be connected to the Iberian and Italian peninsulas even if a 

disconnection happens with its eastern neighbours. Therefore, it may sound reasonable to suppose that France 

could, to a certain extent, benefit from the inertia contribution of the Iberian and Italian systems.   

 

However, PALADYN dynamic simulations during the calibration step of the methodology revealed that inertial 

constraints alone located in zones other than France were not effective in reducing the French local initial RoCoF. 

Figure 4-5 depicts the frequency behaviours in France (red curves) and in the Iberian Peninsula (blue curves) 

when France is experiencing such a separation. Thus, in order mitigate the high RoCoF, synchronous condensers 

were added into the Iberian Peninsula during this calibration step. In Figure 4-5, the dotted lines correspond to 

the reference case (i.e. the configurations of the RA core scenario), whereas the solid lines are the same 

simulations with additionally installed synchronous condensers (SCs) in the Iberian Peninsula. Figure 4-5 

demonstrates that SCs installed in the Iberian Peninsula leads to a considerable reduction in the local initial RoCoF 

while also supporting the containment of system frequency for both zones. This result alone is evidence of the 

ability of SCs to mitigate RoCoF issues.  

 

In contrast, the installation of Iberian SCs (i.e. additional inertia) appears to offer no support to France in terms of 

RoCoF. Indeed, as can be seen in Figure 4-5, both solid and dotted red curves overlap in this time window, 

meaning that the French initial RoCoFs have the same value, with or without additional inertial contribution from 

its neighbouring and synchronously interconnected zone. This observation thus confirms the need to model local 

KE constraints in the applied methodology. 
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FIGURE 4-5: ILLUSTRATION OF FREQUENCY BEHAVIORS IN FRANCE AND IBERIAN PENINSULA WHEN FRANCE DISCONNECTS FROM ITS 

EASTERN NEIGHBORS 

 

4.1.2.1.3 CHOSEN SPLIT CONFIGURATIONS 

 

Table 4-3 summarises the chosen split configurations. In the end, eight KE constraints have been modelled within 

CONTINENTAL.   

TABLE 4-3: SPLIT EVENT CONFIGURATIONS 

Zone Chosen split events Max triggered Imbalance 

Iberian Peninsula 1- split from France 12 GW 

Italy 1- split from France & Switzerland 18.5 GW 

France 

1- split from Spain 
2- split from Italy 
3- split from Belgium, Germany and Switzerland 

 

12 GW 
5.5 GW 
18 GW 

Germany + neighbours 
1- split from France & Italy 
2- split from Eastern countries 

 

31 GW 
13 GW 

Eastern countries 1- split from Germany & Austria 13 GW 
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4.1.2.2 DEVELOPMENT OF AN INVESTMENT LOOP TO OPTIMALLY ADJUST THE SYNCHRONOUS 

CONDENSERS 

 

This part of the methodology section focuses on an investment loop which relies on iterative CONTINENTAL runs 

in order to gradually size the optimal SCs fleet in the different areas of Continental Europe.  

 

4.1.2.2.1 GOAL OF THE METHODOLOGY 

 

Synchronous Condensers (SCs) have been identified in the literature as an efficient means to increase inherent 

inertia and maintain frequency stability [13]. Although SCs are not the only grid equipment able to contribute to 

the system inertia, the applied methodology here only considers these facilities as a possible solution to mitigate 

this issue. This point presents, to some extent, a limit of this study and will be discussed later. . However, the 

overarching objective of this study is to demonstrate the capability of different mitigations to tackle the scarcity 

of inertia and the resultant RoCoF issue.  

 

The goal of the investment loop is to determine the optimal capacity of SCs for each identified vulnerable zone. 

With no SCs investment, as a result of the inertial constraint, CONTINEN¢![Ωǎ ŘŜŎƛǎƛƻƴǎ ǘƻ ǎǘŀǊǘ ǳǇ ƳƻǊŜ 

conventional generators or to reduce the interconnector flows can result in much more fuels costs, much more 

RES curtailments and ultimately increased CO2 emissions. Crucially, however, investment in SCs can help reduce 

the impact of the inertia constraint, which is a necessity in order to ensure frequency stability, but needs to be 

optimally assessed to avoid overinvestment.  

4.1.2.2.2 ASSESSMENT OF THE ECONOMIC IMPACT OF THE INERTIAL CONSTRAINT WITH 

CONTINENTAL 

 

CONTINENTAL is based on linear programming and, as a consequence, it is possible to compute dual values for 

every modelled constraint. As for the inertial constraints, computations of dual values have been determined in 

such a way that they represent the marginal costs of kinetic energy, or inertia, for every hour and for every 

vulnerable zone. These marginal costs are expressed in terms of ϵκa²Φǎ ŀƴŘ ƎƛǾŜ ŀƴ ŜŎƻƴƻƳƛŎ ǾŀƭǳŜ ƻŦ ŜŀŎƘ 

additional MW.s. available in the system.  

 

As an illustration, the left graph of Figure 4-6 depicts the duration curves for the Italian Peninsula showing the 

Marginal Cost of inertia (KE MC) as well as the excess of inertia. It is clear from these curves that most of the time 

the MCs  of inertia are equal to zero (red plot), indicating there is sufficient inertia in the system to meeting the 

inertia constraint and thus keep the RoCoF within acceptable limits and there is no need to redispatch the 

generation plants or the interconnector flows. However, the right part of these curves shows that when there is 

no surplus of inertia, the MCs of inertia ƎǊŀŘǳŀƭƭȅ ƛƴŎǊŜŀǎŜ ŀƴŘ Ŏŀƴ ŀƳƻǳƴǘ ǘƻ ŀǊƻǳƴŘ млϵκa²ΦǎΦ !ƴȅ a²Φǎ 

supplied by SCs in these periods would help the system to lower its operational cost and would capture these 

MCs of inertia. The right graph of Figure 4-6 ŘƛǎǇƭŀȅǎ ǘƘŜ ǎǘŀǘŜ άhƴκhŦŦέ ƻŦ ŀ рл a±! {/ ŘǳǊƛƴƎ ǘƘŜ ǎƛƳǳƭŀǘƛƻƴ ŀƴŘ 

clearly shows those periods with positive MCs if inertia matches ǿƛǘƘ {/ άhƴέ ǎǘŀǘŜΦ 
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FIGURE 4-6: SCARCITY ILLUSTRATION OF KE WITH DURATION CURVES OF KE MARGINAL COST AND USE OF SC 

 

4.1.2.2.3 SCS CHARACTERISTICS 

 

The SC characteristics that are used in this study are obtained from ¢9wb!Ωǎ tƻǿŜǊ¢ŜŎƘ ŀǊǘƛŎƭŜ [14], which gives 

technical and financial information for recent SCs commissioned in Italy. Table 4-4 gives all the information 

required to apply the present methodology. From this set of data, normalised fixed costs for 1 MW of SC, 

assuming a lifetime of 45 years and a discount rate of 8%, has been assessed. As indicated in Table 4-5, the final 

fixed cost utilised ŦƻǊ ǘƘŜ ǎǘǳŘȅ ǿŀǎ мл ƪϵκa±!Φ ¢Ƙƛǎ ǾŀƭǳŜ ƛǎ ƛƴǘŜƴŘŜŘƭȅ ŎƻƴǎŜǊǾŀǘƛǾŜ ǘƻ ǘŀƪŜ ƛƴǘƻ ŀŎŎƻǳƴǘ 

potential extra costs such as land and rent prices or internal engineering cost to build SC. Indeed, this value may 

look more conservative still considering that retired power plant conversions could lower the SCs costs further. 

Despite uncertainty about SCs costs, TERNA projects prove that SCs fitted with flywheels are able to provide the 

system with a lot of inherent inertia at a reasonable cost [14]. Running SCs for a thousand hours per year with 

a/ǎ ƘƛƎƘŜǊ ǘƘŀƴ м ƻǊ н ϵκa²ǎ ŀǇǇŜŀǊǎ ǘƻ ōŜ ŜƴƻǳƎƘ ǘƻ ƎǳŀǊŀƴǘŜŜ ǘƘŜƛǊ ǇǊƻŦƛǘŀōƛƭƛǘȅΦ   

 

TABLE 4-4: SC TECHNICAL AND FINANCIAL FEATURE, SOURCE TERNA 

SC - TERNA Data of new project with flywheel 

Nameplate apparent power (Sn) 250 MVA 

Turnkey investment Cost (IC) 20.5 aϵ 

10 year maintenance contract 3 aϵ 

Inertia constant, including the flywheel (H) 7 S 

Auxiliaries consumption (AC) 1.2 % of Sn 

 

  

0

2

4

6

8

10

12

14

16

18

20

0

50000

100000

150000

200000

250000

1

3
9

9

7
9

7

1
1

9
5

1
5

9
3

1
9

9
1

2
3

8
9

2
7

8
7

3
1

8
5

3
5

8
3

3
9

8
1

4
3

7
9

4
7

7
7

5
1

7
5

5
5

7
3

5
9

7
1

6
3

6
9

6
7

6
7

7
1

6
5

7
5

6
3

7
9

6
1

8
3

5
9

ϵ
/M

W
s

M
W

s

KE excess Italian KE marginal cost

0

2

4

6

8

10

12

14

16

18

20

1

3
6

5

7
2

9

1
0

9
3

1
4

5
7

1
8

2
1

2
1

8
5

2
5

4
9

2
9

1
3

3
2

7
7

3
6

4
1

4
0

0
5

4
3

6
9

4
7

3
3

5
0

9
7

5
4

6
1

5
8

2
5

6
1

8
9

6
5

5
3

6
9

1
7

7
2

8
1

7
6

4
5

8
0

0
9

8
3

7
3

0

10

20

30

40

50

60

70

80

90

100

ϵ
/M

W
.s

M
V

A

50 MVA Italian SC Italian KE marginal cost



MITIGATION OF THE TECHNCIAL SCARCITIES ASSOCIATED WITH HIGH LEVELS OF RENEWABLES ON THE EUROPEAN POWER SYSTEM 
DELIVERABLE D2.6 

 41 | 252  

TABLE 4-5: ANNUAL FIXED COST OF 1 MWS PROVIDED BY SC 

SC - Additional data and calculations 

Normalised Investment Cost 82 ƪϵκa±! 

Discount rate 8 %/y 

Lifetime 45 Y 

Annual normalised maintenance cost 1.2 ϵκƪ²κȅ 

Total annual fixed cost for 1 MVA SC     7.5    ƪϵκa±!κȅ 

Conservative total annual fixed cost 
for 1 MVA SC 

10 ƪϵκa±!κȅ 

Conservative annual fixed cost for 
1MWs SC 

1.4 Yϵκa²ǎκȅ 

 

4.1.2.2.4 VALUE ASSESSMENT OF SCS 

 

As explained above, CONTINENTAL outputs MCs of inertia for every vulnerable zone z and for each hour t. It is 

then possible to calculate the Gross Margin (GM) of one MVA of a SC, located in the zone z, through the following 

formula:  

 

Ὃὓ ᾀ  άὥὼ Ὄ ȢὑὉͅὓὅὭȟ ὸ

 ɴ    ᶰ

ὅέὲίόάὴὸὭέὲȢὉὲὩὶὫώὓὅᾀȟὸȠ π 

(Eq.  4-3) 

Some comments about this formula: 

 

Á The SC is assumed to be available during all the year; 

Á ὅέὲίόάὴὸὭέὲ are the costs of its auxiliaries losses compensated at the marginal cost of power in the 

zone z ὉὲὩὶὫώὓὅᾀȟὸ;  

Á When inertia is not profitable on a defined hour, the SC is supposed to be turned off and its yield equals 

to zero;  

Á A zone can suffer different system split configurations which imposes to implement several KE constraints 

within CONTINENTAL. As a consequence, several MCs of inertia are generated and must be all taken into 

account for the assessment of SCs value. 

 

Finally, it is possible to evaluate the net income of potential new SC by deducting the SC Fixed Cost from the gross 

margin: ὔὩὸὍὲὧέάὩᾀ Ὃὓ ᾀ ὊὅȢ  
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4.1.2.2.5 ITERATIVE PROCESS 

 

The SCs investment loop relies on an iterative process as summarided in Figure 4-7.  CONTINENTAL is run with all 

the KE constraints activated. Posttreatment computes the value of SCs for every zone. SC investments are 

achieved in the zone z where ὔὩὸὍὲὧέάὩᾀ is the highest, provided that ὔὩὸὍὲὧέάὩ is higher than zero in 

at least one zone. CONTINENTAL is then re-run with the new SCs capacity.  

 

The investment step for the SC capacity has been set to 1 GVA. The iterative process has also the possibility to 

remove SCs capacity in case of overcapacity leading to negative ὔὩὸὍὲὧέάὩᾀ. Finally, after around a hundred 

iterations, the approach outputs the optimal SCs fleet. The entire ὔὩὸὍὲὧέάὩᾀ is then near to zero. 

 

 
FIGURE 4-7: SC INVESTMENT LOOP PROCESS 

 

4.1.3 RESULTS: EVIDENCE OF MITIGATIONS  

 

This section presents the results achieved with through application of the methodology presented in the previous 

section. It focuses first in the results output by CONTINENTAL and its SCs investment loop before moving on to 

the dynamic simulations of the split events with PALADYN. 

 

4.1.3.1 INVESTMENT IN SYNCHRONOUS CONDENSERS  

 

The methodology has been applied to the EU-SysFlex RA scenario. Table 4-6 summaries the SCs investment across 

Europe as a result of the inclusion of the inertial constraints in the various ones in Europe. Table 4-6also includes 

information about consumption and VRES installed capacities for the sake of area comparison. 

 

Table 4-6 shows that investment in SCs is considerable for both the Iberian and Italian peninsulas, especially in 

ǘƘŜ ŎŀǎŜ ǿƘŜǊŜ ǘƘŜ ƳŀȄƛƳǳƳ ŀŎŎŜǇǘŀōƭŜ wƻ/ƻC ƻŦ м IȊκǎ όŘŜǎƛƎƴŀǘŜŘ ƘŜǊŜŀŦǘŜǊ ŀǎ ǘƘŜ άRoCoF1έ ŎŀǎŜύ ƴŜŜŘǎ ǘƻ 

be ensured for all the considered splits events. Both of these areas feature a very high penetration level of VRES. 

Conversely, the Eastern area has lower VRES generation and consequently a lower additional inertia requirement. 

Therefore, it would appear that no SCs investment is required in this area (at least for inertia and frequency 

stability reasons). SCs will only be invested in France as well as in Northern countries and its neighbours in the 

άRoCoF1έ ŎŀǎŜΦ Lǘ ǿƻǳƭŘ ōŜ ƛƴǘŜǊŜǎǘƛƴƎ ǘƻ ƛƴǾŜǎǘƛƎŀǘŜ Ƙƻǿ ǘƘŜǎŜ ƴŜǿƭȅ ƛƴǎǘŀƭƭŜŘ ƭƻŎŀƭ {/ǎ ŎŀǇŀŎƛǘƛŜǎ ŎƻǳƭŘ ƘŜƭǇ 

regulate locally the grid voltage and ensure the level of short circuit power in these areas. This part is, however, 
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out of the scope of this study for Continental Europe. However, as will be seen in later chapters, SCs are shown to 

be capable of supporting voltage and mitigation voltage scarcities in the Ireland and Northern Ireland power 

system.  

 

TABLE 4-6: OPTIMAL SCS INVESTMENTS ς RA ASSUMPTIONS 

Area 

SCs Capacities Annual 
System 

consumption 
(RA) 

Wind 
Capacity 

(RA) 

Solar 
Capacity 

(RA) 

Max imbalance 
triggered by 
split event 1 Hz/s case 2 Hz/s case 

Iberian Peninsula  39 GVA  18 GVA 342 TWh 54 GW 53 GW 12 GW 

Italy  35 GVA  12 GVA 394 TWh 26 GW 57 GW 18.5 GW 

France  14 GVA  0 GVA 548 TWh 58 GW 45 GW 18 GW 

Germany + neighbours 12 GVA  0 GVA 1016 TWh 124 GW 112 GW 31 GW 

Eastern countries  0 GVA  0 GVA 363 TWh 21 GW 5 GW 13 GW 

 

With the assumption that the continental European power system stays resilient in case of RoCoF values reaching 

ǳǇ ǘƻ н IȊκǎ όŘŜǎƛƎƴŀǘŜŘ ōȅ άwƻ/ƻCнέ In the following), the need for inertia is much lower and the global capacity 

of SCs investment is three times lower than in the case RoCoF1 (30 GVA vs. 100 GVA).  

  

4.1.3.2 SYSTEM IMPLICATIONS OF INERTIAL CONSTRAINTS  

 

Table 4-7 displays yearly indicators calculated at the European perimeter from CONTINENTAL outputs. These 

values are indicated as deviations from the reference case, namely when no inertial constraints were modelled. 

Two configurations are depicted: with and without optimal investment in SCs. The first configuration 

(consideration of inertial constraints in each vulnerable zone but without any investment in SCs) seems unrealistic 

given the fact that SCs are a valuable, viable and low cost option, and has only been analysed as an intermediate 

methodological step before running the SCs investment loop.  

 

TABLE 4-7: EUROPEAN YEARLY INDICATORS HIGHLIGHING THE IMPACT OF THE INERTIAL CONSTRAINTS ON GENERATION PLANTS ς RA 

ASSUMPTIONS 

Yearly Indicators 

Deviation from reference case ς 
KE constraints but No SC 

Deviation from reference case - 
KE constraints With SCs 

1 Hz/s case 2 Hz/s case 1 Hz/s case 2 Hz/s case 

Total Production Cost 
(including SCs costs) 

ҌнмΦр .ϵκȅ Ҍ оΦм .ϵκȅ ҌмΦтт .ϵκȅ ҌлΦпп .ϵκȅ 

+8.4% +1.2% +0.7% +0.2% 

Interconnectors flows 
-111 TWh/y -34 TWh/y -35 TWh/y -7 TWh/y 

-18% -6% -6% -1% 

Curtailment 
+ 35 TWh/y +28.6 TWh/y +0.36 TWh /y 0.32 TWh/y 

146% +119% +2% +1% 

CO2 emissions 
+10.9 Mt/y +8.5 Mt/y +1.7 Mt /y 0.7 Mt/y 

+6% +5% +1% +0% 
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¢ƘŜ ƪŜȅ ƳŜǎǎŀƎŜǎ ŦƻǊ ǘƘŜ ŦƛǊǎǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ όάbƻ {/έ ŎŀǎŜ ς first two columns in Table 4-7) are:  

 

¶ LƴǘŜǊŎƻƴƴŜŎǘƻǊǎΩ Ŧƭƻǿǎ ŀǊŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǊŜŘǳŎŜŘ ǿƘŜƴ ƛƴŜǊǘƛŀƭ ŎƻƴǎǘǊŀƛƴǘǎ ŀǊŜ ŀŎǘƛǾŀǘŜŘΦ  

¶ As a consequence, VRES cannot be as exported as it was possible in the reference where no KE 

constraints were considered. Therefore curtailment and CO2 emissions surge. Most of the new 

curtailment occurs in the Iberian Peninsula and in Italy. 

¶ Without SCs investment, total production costs increase significantly. Deeper analysis reveals that the 

inertial constraints can prevent some zones from importing generation which can entail situations with 

electrical supply shortage and very high failure costs. It is particularly the case for Italy which relies mainly 

on imports to balance its annual peak load. It is worth highlighting that these situations are not related to 

very high VRES generation periods in Italy. Importing up to 18 GW is just too risky in case of splits and the 

model therefore does not succeed in meeting Italian demand. 

¶ Although the increased operating costs as a result of the additional of the inertial constraint are very high, 

it must be acknowledged that there is really no alternative to the implementation of such a constraint.  

 

hǘƘŜǊ ƛƴǘŜǊŜǎǘƛƴƎ ƻōǎŜǊǾŀǘƛƻƴǎ Ŏŀƴ ōŜ ŘǊŀǿƴ ŦǊƻƳ ǘƘŜ ǎŜŎƻƴŘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ όά²ƛǘƘ {/έ ŎŀǎŜ - last two columns in 

Table 4-7) are:   

 

¶ With optimal SCs fleet, the additional costs are limited. VRES curtailment, CO2 emissions and 

iƴǘŜǊŎƻƴƴŜŎǘƻǊǎΩ Ŧƭƻǿǎ ƘŀǾŜ ǘƘŜ ǎŀƳŜ ƻǊŘŜǊǎ ƻŦ ƳŀƎƴƛǘǳŘŜ ŀǎ ǘƘƻǎŜ ƻŦ ǘƘŜ ǊŜŦŜǊŜƴŎŜ ŎŀǎŜ (i.e. case with 

no inertial constraint). 

¶ As can be intuitively imagined, setting the maximum acceptable RoCoF at 2 Hz/s is less constraining than 

that at 1 Hz/s.  

¶ The total cost of ensuring enough KE to secure the system in case of system splits ranges from 0.44 to 1.7 

.ϵκȅΦ 

It is important to emphasise, that, as has been demonstrated in Task 2.4 and earlier in this section, it will not be 

possible to operate the Continental European power system without inertial constraints, or equivalent, as doing 

so has been shown to have the potential to results in excessive RoCoFs following a split event (see Table 4-2 

above and Table 4-12 below), which could lead to system instability and blackout. Thus, while it is interesting to 

understand the impact on the system and the production costs of adding in the inertial constraint, and as the 

inertial constraint is unavoidable and has been shown to considerable impact on the dispatch, the more relevant 

values to consider are those relating to the impact of synchronous condensers once the inertial constraint is 

included. These values are illustrated in Table 4-8, which demonstrates that synchronous condensers have a very 

positive contribution to the power system when they are used to provide inertia and to meeting the inertial 

constraints. As can be seen, synchronous condensers result in a greater ability to accommodate more renewables 

on the power system as evidenced by the considerable reduction in curtailments, the reduction in CO2 emissions 

and the profound reduction in production costs as a result of the displacement of expensive conventional plant. 

Alternative to SCs could also be envisioned to supply inertia as it is explained in the conclusion of this section 

(Section 4.1). 
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TABLE 4-8: EUROPEAN YEARLY INDICATORS HIGHLIGHING THE IMPACT OF SYNCHRONOUS CONDENSERS ON THE GENERATION PLANTS ς 

RA ASSUMPTIONS 

Yearly Indicators 

Deviation from case with inertial 
constraints - 

inertial constraints With SCs 

1 Hz/s case 2 Hz/s case 

Total Production Cost 
(including SCs costs) 

-мфΦто .ϵκȅ -нΦсс .ϵκȅ 

Interconnectors flows +76 TWh/y +27 TWh/y 

Curtailment -34.64 TWh/y -28.28 TWh/y 

CO2 emissions -9.2 Mt/y -7.8 Mt/y 

 

It is interesting to focus on the breakdown of the inertial costs with SCs investment that are utilised here Table 

4-9 reveals that around 60% of those costs originate from the fixed costs for the {/ǎΦ {/ǎ ŀǳȄƛƭƛŀǊƛŜǎΩ Ŏƻǎǘǎ ƻƴƭȅ 

account for 10%, partly because SCs tend to run when power energy prices are low. Despite the SCs capacities, 

there are still restrictions in the use of interconnectors to comply with the inertial constraint. This means that 

expensive conventional generating plants have to be run in the various zones to meet system demand and this 

accounts for 30% of the inertia costs.  

 

TABLE 4-9: COST OF ENSURING FREQUENCY STABILITY UNDER SPLIT EVENTS WITH OPTIMAL SCS INVESTEMENTS 

Extra cost breakdown 1 Hz/s case 2 Hz/s case 

 

SCs auxiliaries losses 192 aϵκȅ ом aϵκȅ 

Waste of exchanges 

opportunities 
рул aϵκȅ млт aϵκȅ 

TOTAL мттл aϵκȅ ппм aϵκȅ 

SCs total annual fixed 

cost 
ффу aϵκȅ олп aϵκȅ 

 

 

4.1.3.3 INERTIA DURATION CURVES ANALYSES 

 

Figure 4-8 displays the duration curves of the net interconnection flows in Italy and in the Iberian Peninsula in the 

3 configurations (reference case without KE constraints, with KE constraints but No SC, with KE constraints & With 

{/ǎύ ŦƻǊ ǘƘŜ ǎŜƴǎƛǘƛǾƛǘȅ ƻŦ άwƻ/ƻCмέ case. The effect of the KE constraints is visible since importations are highly 

limited in both areas. French imports plummet since the implemented inertial constraints impede both Italy and 

the Iberian Peninsula from exporting their generation to France (see Equation 4-2). The maximum imported 

power in Italy falls from 18 GW to 10 GW as a result of the need to ensure RoCoF does not breach should a 

system split occur. This lack of power exchange, as explained before, causes a power inadequacy issue and, as a 

consequence, power shortages can happen. Obviously, this case is unrealistic and crucially installing SCs enables 

the restoration of the flows nearly to their optimal level when no KE constraints were modelled. Given the price 
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of not being able to meet load, the investment loop continues to invest in SCs in Italy until the power shortage for 

inertial reasons completely disappears. 

 

 
FIGURE 4-8: ILLUSTRATION OF KE CONSTRAINT IMPACT ON INTERCONNECTORS FLOWS 

 

Figure 4-9 depicts the inertia duration curves for the same zones. It is visible that adding SCs capacities will boost 

the amount of inertia in both areas. If no SCs are installed, the inertia in both zones will not significantly vary. It is 

found that reducing intercƻƴƴŜŎǘƻǊǎΩ Ŧƭƻǿǎ is a more cost-effective method to solve the lack of inertia (i.e. meet 

the inertial constraint) than substituting the VRES by expensive must-run conventional generators. 

 

    
FIGURE 4-9: KE DURATION CURVES IN THE ITALIAN AND IBERIAN PENINSULAS 

 

It has been previously observed that no SCs are installed in the Eastern zone (Table 4-6). However, it is important 

to note that it cannot be concluded that there are no frequency stability issues related to lack of inertia in that 

area. Indeed, as depicted in Figure 4-10Σ ƛƴǘŜǊŎƻƴƴŜŎǘƻǊǎΩ Ŧƭƻǿǎ ƘŀǾŜ ǘƻ also be occasionally reduced in Eastern 

countries in order to fulfil the local inertial constraint implemented in CONTINENTAL.  

 






























































































































































































































































































































































































































