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1. Final publishable summary report  

 
This section must be of suitable quality to enable direct publication by the Commission and should preferably 
not exceed 40 pages. This report should address a wide audience, including the general public. 
 
The publishable summary has to include 5 distinct parts described below: 
 
 

1.1. Executive summary 

The objective of eStorage was to develop cost-effective solutions for the widespread deployment of flexible, 

reliable, GWh-scale storage across EU, and to enhance grid management systems to allow the integration of 

large share of renewable.  

The key issue we addressed was the need for power regulation during low demand periods, when only 

inflexible baseload generation and intermittent renewable generation are operating. In contrast to 

conventional generation, a storage plant able to regulate its consumption could help to avoid curtailing wind. 

Conventional Pumped Storage Hydro Plants (PSP) can only regulate their power in generation mode; variable 

speed technology for PSP can bring the additional flexibility in pumping mode as well. 

The technically and economically feasible solutions developed in eStorage allow upgrading a significant part 

of European PSP capacity to variable speed, providing up to 10 GW of additional regulation capability with no 

environmental impact and little administrative burden, all at a much lower cost than developing new plants. 

We also developed and demonstrated solutions for coupling the dispatch of storage plants with renewable 

generation using advanced Energy Management Systems. 

This enables storage plants to maximise their value in the balancing markets. From simulation studies, 

demonstration results and storage potential analysis we evaluated the system-level benefits of storage and 

identified development barriers.  

eStorage gathered major stakeholders from the entire value chain across EU (Elia ς TSO, EDF ς Generation 

Company, Imperial College ς Academic Institution, Kema ς Engineering Consultancy and GE ς Equipment 

Manufacturer). 

 
 

 
 

 
 
 
  



   

 

eStorage ¶ D6.9¶ Final Project Report  06/10/2017   5 / 43 

 

1.2. Summary description of project context and objectives 

 
CONTEXT OF THE PROJECT  

EU electricity system is facing changes on an unprecedented scale. Meeting climate change targets requires 

that massive amounts of wind and other intermittent renewable capacity are added to the system. According 

to the {ǘǊŀǘŜƎƛŎ 9ƴŜǊƎȅ ¢ŜŎƘƴƻƭƻƎȅ tƭŀƴ ό{9¢ tƭŀƴύΣ ǘƘŜ 9¦Ωǎ ƻōƧŜŎǘƛǾŜ ƛǎ ǘƻ ǎǘǊƻƴƎƭȅ ŜƴŎƻǳǊŀƎŜ ǘƘŜ 

development of renewable technologies; the vision of SET Plan is wind power contributing with up to 20%, 

and solar power with up to 15% of total EU electricity supply by 2020. The contribution of renewable electricity 

is expected to increase even further beyond the 2020 horizon. 

Electricity produced from intermittent renewable sources is highly variable in time, difficult to predict and 

cannot be controlled apart from curtailing their electricity output. This is very different from the majority of 

conventional generation that not only provides energy but also vital control services (energy and network 

balancing) necessary to maintain integrity of the power system.  

Integration of significant intermittent renewables in the EU electricity system in 2020 and beyond will impose 

a very considerable demand for additional flexibility, particularly ancillary services associated with system 

balancing. Increased requirements for real-time ancillary services, if provided by conventional generation 

running part-loaded, will not only reduce efficiency of system operation but will significantly undermine the 

ability of the EU system to absorb intermittent renewable output, increase emissions and drive up cost for the 

consumer. 

A key barrier to the cost-effective integration of intermittent renewables is the necessity to deliver increased 

levels of ancillary services, by synchronous conventional generation units as the main source as has been in 

the past. However, with increasing amounts of variable renewable (such as wind and solar PV) being integrated 

into the power system, such conventional units are running fewer hours than before. This has a direct impact 

in the (increasing) costs and therefore on the availability of ancillary services provided by such conventional 

sources.   In an energy system where renewables becomes dominant in the production mix (in the transition 

towards 2050), the above situation will only be accentuated, and we could end up curtailing large amounts of 

renewables to maintain the system under balance. It is therefore necessary to find innovative and affordable 

solutions to diversify the sources of ancillary services: not only from conventional units, but also from storage, 

demand response and even renewables themselves.  

To take an example, Figure 1 demonstrates how the flexibility of conventional generation in future UK 

electricity system will affect its ability to cope with intermittent renewables. This is quantified in terms of the 

level of wind energy curtailment driven by the lack of flexibility. For 30 GW of wind, which corresponds to the 

UK target for 2020, the curtailment could exceed 25% of annually available wind energy, in case the system is 

characterised by less flexible generators. Clearly, the impact of flexibility on the ability of the system to 

integrate intermittent renewable output will be massive. 
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Figure 1 : Expected wind energy curtailment for the UK system (as percentage of annually available wind energy) 

 

In contrast, Pumped Storage Hydro Plants (PSP), when equipped with variable speed technology (which is not 

the case at present), could vary the level of load in the pumping mode much more flexibly and hence provide 

ancillary services cost-effectively even during low-demand conditions, while significantly enhancing the 

capability of the system to absorb increased intermittent renewables. This project hence proposes to 

demonstrate the technical feasibility and to analyse the cost-effectiveness of retrofitting an existing PSP with 

variable speed technology. This proposal is particularly appealing as there is currently around 40 GW of PSP 

installed in Europe. They are typically used to pump water i.e. store energy during night hours, in order to be 

able to generate electricity later, typically during system peak load hours. However, when operating in 

pumping mode, a large majority of PSPs have limited operational flexibility, as their pumping units can only be 

used either at full power or switched off. Due to this lack of flexibility in pumping mode, the existing design of 

PSPs cannot offer the same range of flexible balancing services as in generating mode, although the need for 

such services in future will be the greatest at times when PSPs normally operate in pumping mode. 

In order to tap into this vast potential source of flexibility, this project proposes to investigate and demonstrate 

the option of retrofitting existing PSPs with variable speed motor-generator. This proposition is especially 

attractive given that up to 30 GW of PSP capacity could need to be refurbished by 2020. The variable speed 

technology would enable PSPs to continuously provide flexible balancing services both in generating and in 

pumping mode, thus replacing costly provision of these services by part-loaded conventional generators and 

most importantly greatly enhancing the ability of the EU system to absorb significant amounts of intermittent 

generation. The cost of retrofitting to variable speed is an order of magnitude lower than the construction 

cost of new PSP . This could hence be a cost-effective approach of developing a new source of flexibility that 

would greatly enhance the ability of the EU system to absorb increased levels of intermittent renewables. 

Enhancing the capability of the existing PSPs also avoids the highly complex planning and environmental 

permitting procedures, making this option highly acceptable from the societal perspective. 

It is therefore the objective of this project to demonstrate the technical feasibility and analyse the economic 

feasibility of converting an existing PSP to variable speed technology. And use the insights thus obtained to 
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investigate the requirements and implications of an EU-wide rollout of this technology in order to significantly 

improve the ability of the system to accommodate large penetration of intermittent renewable sources. 

At present, flexible ancillary services are not widely shared across national systems. In order to enable sharing 

of ancillary services provided by the converted PSPs to variable speed technology across EU regions the 

existing IT infrastructure for real-time system management needs to be enhanced as it may present a barrier 

for efficient integration of flexible services. This project will therefore aim to enhance and validate the 

functionality of IT systems, in order to demonstrate new balancing capabilities by looking at closer to real-time 

market systems whilst enforcing network constraints. 

CǳǊǘƘŜǊƳƻǊŜΣ ǘƻŘŀȅΩǎ ŜƭŜŎǘǊƛcity market rules and regulatory framework aiming at adequately rewarding the 

providers of real-time flexible balancing services are not widespread across Europe, given that its design was 

based on predominantly conventional generation system. For that reason, the eStorage project will investigate 

the gaps and barriers in current market and regulatory regimes in Europe, in order to create a viable business 

model for energy storage and enable a wide deployment of flexible storage technologies in the EU. By 

compensating the flexible providers for the value of their services, the new market rules should enable a more 

cost-efficient integration of renewables into the future European electricity system. 

 

SPECIFIC OBJECTIVES  

Based on the above challenges identified for the future European system based on a large contribution from 

renewable sources, the following specific objectives of the eStorage project were addressed: 

¶ Demonstrate technical feasibility of upgrading the existing Le Cheylas PSP (with the capacity of 270 

MVA and reservoir size of 2.8 GWh) to variable speed technology, enabling 80MVA of regulation 

capacity in pumping mode, and increasing its overall efficiency by 5% in turbine mode, and 1% in 

pumping mode, and analyse the economic feasibility of the operation, 

¶ Design and implement an IT function system to demonstrate new balancing capabilities with energy 

storage included 

¶ Quantify the benefits of an EU-wide rollout of variable speed PSP under alternative future 

development scenarios 

¶ Identify barriers to the integration of energy storage in the current market & EU regulatory 

frameworks 

¶ Develop and examine technology solutions allowing the upgrade of 75% of European PSP (30GW) to 

variable speed to obtain additional capacity for flexible balancing in pumping mode 
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To achieve the above objectives, the eStorage project was organised into four core Work Packages: 

¶ WP1 demonstrated the technical feasibility of converting an existing PSP in France to variable speed 

technology, and analysed the associated economic feasibility. 

¶ WP2 developed and demonstrated the capability of IT systems to facilitate flexible balancing 

capabilities of energy storage by looking at closer to real-time market systems. 

¶ WP3 quantified the benefits of flexible variable speed-based retrofit of PSP schemes, and identified 

barriers to the integration of energy storage in the current market & EU regulatory frameworks. 

¶ WP4 evaluated the deployment potential of new PSP and of PSP upgrade into variable speed. 

In addition to the above, Work Packages 5 and 6 focused on disseminating the project results and the efficient 

management of the project. 

 

 

Figure 2: Scientific approach and outputs of the eStorage project 
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1.3. Description of the main S&T results/foregrounds 

 

PUMPED HYDRO STORAGE UPGRADE IN VARIABLE SPEED 

The purpose of Work Package 1 was to demonstrate the feasibility and benefits of converting a conventional 
PSP into variable speed. Indeed, the European Industry has no experience of such upgrades. This conversion 
is indeed more complex than developing new built plants, requiring adaptation to existing pump turbine and 
civil work, with larger and heavier variable speed motor generators than conventional ones.  

To tackle this main objective, the WP1 was divided in two consecutive phases: 

¶ Le Cheylas experience ς Upgrade of an existing PSP to variable speed with the DFIM technology: 
Demonstrate technical and economic feasibility of this upgrading, enabling a new regulation capacity 
in pumping mode, and increasing its overall efficiency as well in turbine mode, as in pumping mode. 

¶ Additional research & development to go beyond the Le Cheylas upgrade experience and improve 
design guidelines of electro-mechanical equipment: in particular monitoring the behavior of variable 
speed motor-generators in order to collect key data for new rotor design improvements, and 
investigating hydraulic design improvements to meet needs for safe and efficient operation for fully-
fed variable speed machines (partial load operation) 

 

Le Cheylas experience ς Upgrade of an existing PSP to variable speed with the DFIM technology 

Le Cheylas power plant (France) is a PSP equipped with two identical 270 MVA reversible units, fixed speed. 
Electricity storage purpose is addressed on a daily cycle, by pumping at night. 
In 2012, the decision was taken to launch unit 2 conversion to variable speed. The interest of this conversion 
was in the ability to offer additional services: additional frequency response services and increased efficiency. 

The conversion of le Cheylas PSP to variable speed with the DFIM technology has eventually been performed 
up to the detailed studies level. This detailed studies covered all of the following aspects of conversion:  

¶ Hydraulic design: In order to take advantage of power regulation in pumping mode, the hydraulic 
design must allow increased water flow variation. As the original design was not foreseen to operate 
in such conditions, the hydraulic design had to be re-engineered. The proposed design that leads to 
an efficiency increase of up to 5.2% in turbine mode and 0.8% in pump mode and these performance 
improvements have been validated through performing model tests. 

¶ Electrical design: The installation of a new double fed induction motor-generator (DFIM) inside an 
existing pit requires special attention to existing limitations such as structural design, interfaces to the 
auxiliaries, as well as the crane capacity to handle the increased rotor dimensions and weight. The 
integration of a new frequency converter has a direct impact on space requirements, cooling system 
and power supply. Beyond the generator motor, the whole unit electrical equipment had to be 
reengineered: several parts of equipment may be reused while others have to be replaced. Obviously, 
any new ones must fit in the powerhouse premises. For example, synchronous rotor excitation devices 
must be dismantled while stator MV gears could be reused. 

¶ Mechanical design: the motor generator upgrade had a significant impact on the machine shaft line 
and bearing through several key design parameters, such as: the possible increase of radial bearing 
span related to the increase of the rotor volume, or the massive increase of the rotor weight. The most 
critical feature for the shaft line is the natural bending frequency. The difficulty has been overcome by 
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rearranging the unit layout. For example, the lower generator/motor radial bearing was shifted above 
the thrust bearing at the position nearest to the rotor. 

¶ Impacts of the DFIM solution on le Cheylas existing power plant. One of the challenges of such a 
conversion was to adapt an existing plant to a new machine with new characteristics (for example the 
new DFIM was supposed to be 23 % heavier than the existing motor generator). Modifications 
concerned handling equipment (the best solution was to envisage the use of a specific lifting 
equipment dedicated to the cylindrical rotor and installed when required above the motor generator 
pit when needed) and civil work of the pit reinforcements 

Globally, the detailed studies regarding le Cheylas conversion to variable speed have been successfully 
conducted by Alstom and validated by EDF, meaning that a technical solution had been found for most of the 
identified risks. This success tends to prove that this conversion is technically feasible, with the performance 
in line with the one anticipated. 

However, as the conversion was not implemented in the end, it was not possible to gather feedback on the 
work period or on the operating results. 

Nevertheless, the developments and commissioning of other recent projects such as the Linthal 2015 PSP 
provided valuable feedback for the variable speed technology. The first synchronization of the first unit in the 
Linthal PSP was done in December 2015, and the trial operation started in May 2016. The commissioning 
ǊŜǇǊŜǎŜƴǘǎ ŀ ƪŜȅ ƳƛƭŜǎǘƻƴŜ ƻŦ ǘƘŜ ǇǊƻƧŜŎǘ ŜȄŜŎǳǘƛƻƴ ŀƴŘ !ƭǎǘƻƳΩǎ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ǘƘŜ ǾŀǊƛŀōƭŜ ǎǇŜŜŘ ǳƴƛǘǎΦ Lƴ 
order to validate the characteristic of the machines, all relevant parameters such temperatures, vibrations in 
different operation conditions were measured. Compliance of the new developed control and rotor protection 
has been tested with dedicated tests involving the grid operator. 

Economic studies have also been performed, to evaluate the potential profitability of such a conversion. 

The Cheylas PSP has been constructed in the 1970s and commissioned in 1979. EDF was then granted a 75-
year license to operate it. After 40 years of operation, and although still in a good operating condition, this 
plant required maintenance. 

EDF had three options available for the plant refurbishment:  

¶ Perform the minimal maintenance on existing equipment and continue operating with the same 
performance and service level as today (this is the choice that had been made for unit 1 in 2010); 

¶ Replace the turbine only and carry out maintenance on the existing generator so as to benefit from 
increased yield of the new runner shape; 

¶ Launch the variable speed conversion project, costlier and risky, but potentially providing more 
benefits because of the flexibility offered in pumping mode, and gain experience on this new 
technology.  

The three solutions had then been assessed from an economic point of view. At the beginning of the eStorage 
project, the conversion was estimated to be profitable, and considering the limited gap with the first option 
and the innovative aspects of the conversion, EDF decided to proceed with the conversion. 

Nevertheless, after 3 years of studies, the economic conditions worsened and the conversion was abandoned. 
Unfavourable economic conditions present for several years in the European power market is today a barrier 
for investment for every asset exposed to market prices. The situation is even worse for PSP, because they are 
not net generators, but have to optimize generation and consumption in an increasingly flat market.
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In those conditions, and until the context evolves favourably, the only possible configuration to envisage a 
conversion would be a situation with an existing PSP whose turbine and motor generator are reaching the end 
of their technical life and require a refurbishment on a short term (without prejudging the technical solution 
to be implemented)  

Additional research & development to improve design guidelines of electro-mechanical equipment 

The latest objectives of this WP1 were to go even further the Le Cheylas upgrade experience and perform 

additional research & development to improve design guidelines of electro-mechanical equipment. These 

developments considered on one hand the lessons learnt from the design of Le Cheylas upgrade, meaning 

need of increased cost-competitiveness and severe space constraints, and on the other hand the stakes 

highlighted in the conclusions of WP4 (Feasibility and technical cost benchmark of PSP sites in Europe), in 

particular a need for extended operation ranges and an opportunity for fully fed synchronous machines. Four 

key topics were investigated, addressing motor-generator, turbine hydraulic design and control system.  

Validation of the rotor winding overhang concept 

The rotor design, particularly the winding overhang support, is a sophisticated concept resulting in very 

demanding requirements for the production and the assembly of the rotor bars and their supporting system. 

Therefore, measurements of key parameters such as temperature and axial movement at different operation 

points are needed to review the design space for potential optimization.  

CƻƭƭƻǿƛƴƎ 95CΩǎ ŘŜŎƛǎƛƻƴ ǘƻ ǎǘƻǇ ǘƘŜ ǳǇƎǊŀŘŜ ƻŦ [Ŝ /ƘŜȅƭŀǎΣ D9 ǘƻƻƪ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ƻŦ ǘƘŜ ŎƻƳƳƛǎǎƛƻƴƛƴƎ ƻŦ 

the Linthal variable speed pump storage plant (supplied by GE) to collect valuable feedback for the doubly fed 

asynchronous technology. GE set up a measurement campaign during the first synchronization and the first 

operation trials (that started in the beginning of 2016).  

The objective was to measure the thermal expansion of the winding overhang support at different operation 

points, and thus evaluate the limitations of design concept and the potential for design improvements. 

Three challenges had to be overcome:  

¶ Measurement inside the machine during operation 

¶ Very high circumference speed and high number of parts 

¶ Potential impact of magnetic field and dust 

GE developed a unique on-line measurement system based on four high-speed analogue laser displacement 

transducers working with the triangulation measurement principle. Other key features were a very high 

sampling rate to face the high circumference speed and the number of rotating parts, and insensitivity to 

pollution. 
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Figure 3: Installed rotor windings overhangs and laser displacement transducer 

 

 

Figure 4: Measurement position on the rotor and raw signal and evaluated 
 «cold» / «warm» on driven and non-driven end 

 

The measured expansion provides valuable input for potential simplification. A supporting system with the 

capability to allow thermal expansion seems clearly a benefit to compensate tolerances from assembly and 

minimize deformation of the rotor bars. 

Variable speed control system 

In normal operation, low rotor current frequencies must be avoided due to the thermal constraints of inverter 

power electronics. The control is designed to avoid unit operation with rotor current frequency below 0.2 Hz. 

For a given head and grid frequency, the pumping power reference may give a resulting speed inside the 

synchronous dead band. Since active power is directly linked to the speed, the system can be controlled 

satisfying inverter limitation by adjusting the input power. Dynamic switchover between speed control, when 

speed is close to sensitive area and active power control, when dead band is avoided allows a smooth and 

performant management of the transition of the synchronous dead band. The fine tuning of this control 

function is complex and had to be done during commissioning.  
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Very high heat pump-turbines have several intrinsic technical challenges like transient behavior, operation 

stability and design for high pressure. To cope with the effects of high head in combination with- low specific 

speed and the very demanding hydraulic circuit, special closing laws on the guide vanes and main inlet valves 

were introduced and tested. During commissioning, new concepts and design solutions were validated by 

measurements and finally used to optimize future plant operation. Specifically, the confirmation of the speed-

power range requires detailed measurements of the pump-turbine characteristics as well as the dynamic 

response of the entire system. 

Considering that the power variation capability of the variable speed units was not clearly defined in the 

transmission code, special tests in pump mode, which were a new concept for all involved parties were done 

during commissioning of the first unit.  

During commissioning a real-time simulation on a test bench was used for backup simulation in parallel to the 

progress on site. Improved simulators with complete electrical and hydraulic models, including turbine hill 

chart and detailed models of the generator excitation system, helped to successfully predict the operational 

behavior of the whole control system. To prove compliance with the new grid code requirements, 

comprehensive network simulations were performed followed by common acceptance tests involving the 

plant owner and the Transmission System Operator (TSO). 

 

Figure 5: Test rig facility for real time simulation in Grenoble 

 

  

Figure 6: Examples of functions implemented, P/F chart and Static grid frequency range with four bands 

 
 



   

 

eStorage ¶ D6.9¶ Final Project Report  06/10/2017   14 / 43 

 

 

Hydraulic developments for reversible fully-fed synchronous machines 

Fully fed machines are particular in such that they need an extensive operating area in pump mode. The 

extension of this operating area can only be feasible by mastering the hydraulic behaviour of the machine 

especially where the machine is not stable. This requires both in-depth understanding of flow field physics in 

pump-turbines and specific predictive tools to improve the design. 

The work presented in this report starts from the understanding of the particularities of fully fed machines 

and describes the whole process used to design a specific fully fed machine. A complete scale model has been 

ƳŀƴǳŦŀŎǘǳǊŜŘ ǿƛǘƘ ǘǿƻ ŘƛŦŦŜǊŜƴǘ ǊǳƴƴŜǊǎΣ ƴŜǿ ƎǳƛŘŜ ǾŀƴŜǎΣ ǎǘŀȅ ǾŀƴŜǎ ŀƴŘ ǎǇƛǊŀƭ ŎŀǎŜǎ ŀƴŘ ǘŜǎǘŜŘ ƛƴ D9Ωǎ 

Hydraulic Laboratory in Grenoble. 

Major efforts have been deployed to challenge the standard design process of a fixed speed machines, 

resulting in: 

¶ Wide extension of the operating area in pump mode, especially the cavitation free area compared to 

the reference design. 

¶ Overall efficiency obtained for turbine and pump mode is very close to the reference case under fixed 

speed. This extension has been done while controlling the trade-off between range extension and 

efficiency both in turbine and pump mode. 

  
 

Figure 7: Example of flow paths simulated during the developments, at the blade inlet on the left and between stay 
vanes and guide vanes on the right 
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Figure 8: Power variation obtained with the hydraulic developments 

 

The design requirements to improve the cavitation inception are now well known and this improvement can 

be done without sacrificing the efficiency. This is not the case for the hump zone prediction. This instability 

area is difficult to predict with the same numerical tools used for efficiency prediction. More accurate 

numerical tools and with more embedded physics need to be developed and/or tested. Such tools require also 

large computational capacities. 

Insulation system of converter fed machines 

A lab-test campaign for converter fed windings were undertaken. These tests aimed to provide major learnings 

for design criteria of insulation on one hand, and corona protection system (CPS) on the other hand. 

Regarding the main insulation, the influence of different voltage waveforms and frequencies on time-to-failure 

was investigated with comparative voltage endurance tests (VET) on standard test bars. The campaign did not 

highlight any shortening of lifetime under pulse voltage compared to sine wave voltage. Regarding the ageing, 

peak voltage amplitude matters, not voltage shape. 

 

 

Figure 9: Sample bars for VET and pulse voltage patterns 

 

On the CPS side, the performed validation tests provided important learnings. 
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Due to the (high frequency) harmonics the stress on the corona protection increases, therefore the slot exit 

voltage will become significant. Considering the insulation system as an RC-filter (high pass), the impedance 

of the main insulation Cins decreases with rising frequency, consequently the stress goes to the CPS. 

The use of pulse voltage for validation tests of the CPS is necessary. Substitution with sine wave is not possible. 

The pulse duration is significant whereas not specified in draft. 

Depending of application optimization of CPS e.g. resistance is mandatory which requires development of 

specific corona protection tapes or varnish. 

 

  

Figure 10: Simulation with metallic components and heating plates, and IR-recording to check temperature increase 
on CPS 

 

SMART ENERGY NETWORK AND IT TOOLS 

The purpose of the work package 2 was to demonstrate how critical IT tools are in decarbonizing Europe 

electricity generation by enabling storage to facilitate further integration of very large amount of Renewable 

Energy Sources (RES) in the system.  Indeed, these tools could be used to improve the management of large 

electrical grids and resources, contributing to leverage flexibility brought by new flexible large storage facilities 

to balance uncertainty and variability of large intermittent renewable generation resources. Therefore, the 

high-level objectives of WP2 were:  1) to implement new market rules and associated incentive schemes 

related to storage in a context of large renewable resources integration, and 2) to demonstrate the criticality 

of IT tools in enabling the deployment and efficient use of storage systems in the framework of Smart Energy 

Networks. 

WP2 of the eStorage project was structured in three tasks: 

ω Task 2.1: Balancing market clearing system specifications, in compliance with ENTSO-E 

Network Code on Electricity Balancing and proposing special flexible products that could 

facilitate the offering by the market participants of the flexibility inherent to the storage 

assets; 

ω Task 2.2: IT tools for more continuous energy trading markets, based on the balancing market 

clearing system specifications produced in Task 2.1; 
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ω Task 2.3: Smart Dispatch Storage PSP, aiming at configuring and extending the optimization 

solution of an off-the-shelf portfolio optimization tool by implementing, assessing and testing 

new variable-speed PSP models. 

 

Balancing market clearing / IT Tools for more continuous energy trading markets 

A market clearing engine has been designed and developed, taking into consideration the latest ENTSO-E 

recommendation from the network codes. New product types have been designed in Task 2.1 and introduced 

in the clearing engine, in addition to the standard products proposed by ENTSO-E. These new products can 

better capture the flexibility of storage asset while facilitating their bidding process. 

 

Figure 11: Flexible energy product type 

 
The market clearing engine designed and developed in these 2 Tasks can support different types of market 

configurations. Indeed, depending on the countries and on the TSOs that may group themselves into 

coordinated balancing area (CoBA), the configuration might differ significantly. One CoBA can be composed of 

several TSOs that may be part of the same or different LFC (Load Frequency Control) Areas, which might 

contain one or several bidding zones for each of them. Considering all these different levels enables the 

application to be adapted to a wide range of configurations where a bidding zone might include several TSO 

areas or the other way around (a TSO Area might include several bidding zones). 

The market clearing engine is taking as input the requirements that may be expressed at different levels, the 

set of offers (standard product type and flexible product type) with their location (bidding zone, and connected 

TSO) and tries to match the needs of each area/zone while minimizing the costs.  

It determines the cleared MW quantity from each bid and the imbalance quantity the TSO was not able to 

cover for each area/zone where requirements have been expressed. It also determines the MW quantity 

exchanged between two bidding zones and LFC areas, as well as the MW exchanged through the imbalance 

netting process. 

In addition to the implementation of the market clearing engine, a fictitious system model has been created 

to test the application and to demonstrate the benefits of new flexible energy products within a bid portfolio. 

The created datasets have been designed to represent a CoBA structure with a realistic bid portfolio. To 

demonstrate the benefits of new flexible energy products within a bid portfolio, studies have been carried out 
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comparing the market clearing selection for bid portfolios that could include or not flexible energy product 

bids.  A rigorous methodology for the introduction of flexible energy products has been established to ensure 

a fair comparison between the different bid portfolios. 

 

 
Figure 12: Example of the Balancing Market Clearing Engine results showing the selected bid by product type over the 

day 

 
These results analysis has shown that the introduction of flexible energy products can in many cases either 

help the TSO match its requirements and/or help by reducing the balancing costs. It has also shown that 

flexible energy products make storage assets more competitive by being able to use offers that capture best 

their operational flexibility while facilitating their bidding process. 

Additionally, certain recommendations on improving the balancing process have been formulated to utilize 

the full benefits of the flexible energy products: 

ω Firstly, the use of an optimization-based market clearing engines for bid selection would be 

recommended. Indeed, simple merit order lists are not able to capture the possibilities offered 

by flexible energy products, and more generally, optimization-based clearing engines allow for 

a rigorous operation of the balancing markets and a social welfare improvement. 

ω Then, this ability to take look-ahead decisions to anticipate future events would lead the TSO 

to perform the appropriate trade-off between day-ahead decision and very short-term actions. 

ω Lastly, the possibility to activate simultaneously upward and downward offers, in the case of 

the energy activation optimization function, could increase the use of combined flexible energy 

offers and therefore the participation of storage assets. 

The activities completed in this task and the associated key findings have been presented during the fourth 

annual workshop that took place October 19, 2016, in Brussels, Belgium (project deliverable D2.3). Moreover, 

the results of these studies have been captured in a public report (project deliverable D2.5).  
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Smart Dispatch Storage PSP 

An energy utility needs to operate its resources in the most profitable and sustainable way. In a deregulated 

context, profitability is obtained by applying an appropriate trading strategy on the energy markets, but also 

in respecting its contractual positions once the energy must be delivered. Sustainability is ensured by a smooth 

real-time operation of the energy resources, considering their physical limits and the ageing factors such as 

the mechanical stress of the generating units. Most of the European markets are based on the principle of the 

Balance Responsible Parties (BRP). Any market player that becomes a Balance Responsible Party can create 

his own activity portfolio, carrying out all types of commercial transactions. The goal of a BRP is not to ensure 

the power balance at any time ς this is the role, at the system level, of the Transmission System Operator ς 

but is to keep the energy balance over each trading interval at its portfolio level. If imbalance settlement rules 

vary from a country to another, the general concept is that the BRP will pay a financial compensation in case 

of a negative imbalance over the trading interval, while it will receive a financial compensation for any positive 

imbalance. Imbalance prices are usually derived from the costs occurred by the TSO on the balancing market 

to keep the power balance. 

If avoiding any energy imbalance is, by essence, not an easy task for a BRP, having intermittent generation 

assets within its portfolio will even increase the balance position management complexity ς and so raise the 

deviation penalty risk. In such a context, the flexibility offered by hydro generation and pumping facilities is a 

key advantage to avoid imbalances. Even more, this increases significantly the generation portfolio value 

through its contribution to ancillary services and balancing market. A smart dispatch function can help the BRP 

to valorise his hydro assets. In look-ahead, unit generation schedules can be converted, using an optimization-

based application, into a smoothed ramping profile with 1-minute granularity, ensuring this energy balance 

over each trading interval. Moreover, contracted reserves and regulation can be allocated over the controlled 

units in terms of available capacity and associated ramp rate. This ensures the AGC (Automatic Generation 

Control) application to be able to react on the TSO aFRR signals, and therefore, to avoid penalties for not being 

able to deliver the contracted service. 

If these scheduling decisions are based on generation cost for thermal units, a special care must be given to 

hydro plants and pump storage facilities. While hydro generation costs are usually lower than any thermal 

costs, hydro generation schedules may be the most impacted, resulting potentially in inappropriate hydro 

conditions, both in terms of operational rules and security (such as large discharge rate-of-change), and in 

terms of daily strategy (overuse of water for balancing purpose during the beginning of the day, resulting in 

water deficit ς and so energy imbalance ς on the remaining hours of the day). Therefore, the mathematical 

formulation used by the smart dispatch application must include hydro-related constraints aiming to tend 

towards an energy balance between initial and updated schedules for the hydro assets.  Moreover, additional 

flexibilities are now available with the PSP var-speed technology, requiring the adaptation of existing models 

to fully capture such a benefit. 

In the eStorage project, the IPSO (Intraday Plant and Storage OptiƳƛȊŀǘƛƻƴύ ŀǇǇƭƛŎŀǘƛƻƴΣ ǘƘŜ D9Ωǎ smart 

dispatch tool, has been extended to deal with variable speed pumping. More particularly, this extension 

includes an efficiency model received in input of the optimization application that is defined for the current 

hydro plant control configuration. Several operating points are defined, each of them being characterized by 

an efficiency factor, a maximum contribution to upward aFRR and a maximum contribution to downward 

aFRR. This detailed model allows the optimizer to make a trade-off between increasing the supply of aFRR 

services (but thus operating at a lower efficiency ratio) and operating at the best efficiency ratio (but thus 
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having limited aFRR services). For instance, in case the TSO expects to be short and would need additional 

upward aFRR, the hydro plant may be controlled at a lower efficiency operating point, while still producing 

the expected amount of power (i.e. increasing the discharge flow), but offering additional upward aFRR to the 

TSO. Moreover, the hydro energy model of IPSO has been adapted and includes energy related constraints to 

reflect some hydro-related limits. For instance, the reservoir constraints are implicitly modelled with minimum 

and maximum energy limits (representing minimum and maximum elevations). Water flows (inflows, 

outflows, discharge and pumping flows) are expressed as energy-equivalent flows. A reservoir capacity target 

at the end of each period can be expressed in MWh-equivalent and may vary within a defined range. This 

hydro energy model allows IPSO to ensure the consistency between medium-term hydro scheduling strategy 

and very short-term energy balancing strategy.  

Such a look-ahead function replaces the traditional Economic Dispatch to address the economic dispatch 

calculations with a special focus on the energy balance requirement on each imbalance settlement period. It 

typically runs each five minutes or on event (such as an asset sudden outage), over a horizon of one to several 

hours. Running over several hours allows the application to define the best strategy on units having inter-

temporal constraints (such as ramp rate for thermal units, water storage for hydro). Using such a smart 

dispatch application on a generation portfolio that includes variable speed pumped hydro storage will be 

particularly valuable to manage intermittent generation. Indeed, in case of a significant delta between the 

intermittent generation schedules as notified to the TSO and the latest intermittent generation forecast, the 

smart dispatch application will be able to adjust the variable-speed pumped hydro storage power plants 

dispatch, even when the assets are in pumping mode. For instance, if the wind generation will be significantly 

higher than initially forecasted, the optimization application may decide to increase the pumping level and to 

άŀōǎƻǊōέ ǘƘƛǎ ŀŘŘƛǘƛƻƴŀƭ ǿƛƴŘ ǇƻǿŜǊΦ ¢Ƙƛǎ ŘŜŦƛƴƛǘƛǾŜƭȅ ƻŦŦŜǊǎ ŀƴ ŜŎƻƴƻƳƛŎ ŀƴŘ ŜŎƻƭƻƎƛŎ ŀƭǘŜǊƴŀǘƛǾŜ ǘƻ ǿƛƴŘ 

curtailment that could apply to wind generators in case of an excess of generation during the off-peak periods 

while a minimum number of conventional generators are required to maintain the system inertia and to 

provide the ancillary services needed to operate the power system 

Study analysis has been performed with a dataset representing a generation portfolio composed with thermal 

generation assets (e.g. coal and gas-based generation), intermittent generation assets (e.g. wind generation) 

and var-speed PSP. More particularly, the var-speed modelling benefits have been studied using several cases 

derived from the dataset. The case studies have been performed using a representative generation portfolio 

owned by an entity that acts both as a BRP (Balance Responsible Party) and a BSP (Balancing Service Provider). 

The intermittent characteristic of the wind generation has also been reflected by defining the aFRR 

requirement as a function of the net load (i.e. load forecast reduced by the wind forecast) and the wind 

forecast. These aFRR requirements were included as a constraint in IPSO. 
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Figure 13: Example of the Smart Dispatch results showing a portfolio redispatch over 2 hours 

 

 
Figure 14: Example of the Smart Dispatch results showing a PSP unit redispatch over 2 hours 

 

Several case studies have been performed defining the PSP units as fixed-speed or var-speed units to be able 

to evaluate the effects of var-speed flexibility in the unit portfolio scheduling and dispatch. The study cases 

results have shown that the var-speed technology, through its flexibility and more particularly its capability to 

provide aFRR in pump mode, has resulted in a hydro energy cycle increase with the wind insertion, while such 

a cycle has decreased for fix-speed PSP once the wind generation became significant. The figure below shows 

the total hydro energy obtained with var-speed and fix-speed vs. the percentage of wind added capacity. 
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Figure 15: Total hydro energy & wind curtailment vs. wind added capacity for fixed-speed  

(w/o VS) and var-speed (w/ VS) units 

 

These studies have demonstrated that the combination of the smart dispatch look-ahead capabilities, its 

energy and reserve co-optimization feature, and the var-speed related flexibility provides a better anticipation 

of the coming events, such as an increase or decrease of the intermittent generation. Moreover, the case 

studies carried out to test and validate the smart dispatch application have also allowed the demonstration in 

the unit commitment and scheduling phase of the var-speed technology flexibility benefits compared to the 

fixed-speed in facilitate a cost-efficient integration of intermittent generation technologies. 

The work completed in this Task has been presented during the Fourth annual workshop that took place 

October 19, 2016, in Brussels, Belgium (project deliverable D2.2). Moreover, the results of these studies have 

been captured in a public report (project deliverable D2.5).  

BENEFITS OF STORAGE AND REGULATORY FRAMEWORK AND MARKET DESIGN 

The objective of eStorage was to develop cost-effective solutions for the widespread deployment of flexible, 

reliable, GWh-scale storage across EU, and to enhance grid management systems to allow the integration of 

large shares of renewable power. 

The specific objectives of Work Package 3 were to: 

¶ Quantify the economic and environmental value of variable speed pumped storage plant (VS PSP) 
units; 

¶ Recommend Regulatory Framework and Market Design, enabling a mass roll out of flexible 
energy storage in the EU market context, necessary for the EU climate ambitions. 

To reach this objective the revenue streams (economic and ecological value) of VS PSP were identified and 
quantified for a period of around 40 years and compared to other flexible system services. 
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WP3 of the eStorage project had four tasks: 

¶ Task 3.1: Formulating Development Scenarios and Identifying the Role of Storage for the Future 
EU Electricity System, 

¶ Task 3.2: Economic and Environmental Value of Storage in the future EU electricity Systems, 

¶ Task 3.3: Obstacles for the Integration of Storage in Current EU Regulatory and Market 
Framework, 

¶ Task 3.4: Regulatory recommendations for storage in European market rules which support 
efficient large scale integration of renewable electricity and energy storage on a European scale. 

The main results of the first three tasks are described hereafter. Task 3.4 was not executed due to the early 
closure of the project.  

Formulating Development Scenarios and Identifying the Role of Storage for the Future EU electricity 
System 

Task 3.1 concerned the preparation of feasible development scenarios for the determination of the Economic 
and Environmental Value of Storage in the Future EU electricity Systems in Task 3.2. Further activities within 
this task are the definition of the approach and requirements for a grid study and the assessment of role of 
storage.  
To quantify the impacts and value that energy storage facilities such as Pumped Storage Plants (PSPs) can 
provide in the future European electricity system, we formulated plausible scenarios for future development 
of the interconnected European system, incorporating the objective of expanding renewable capacity, as well 
as the expected development of electricity networks, generation capacity and demand-side participation.  

The formulated scenarios describe different pathways of how the electricity system changes from the current 
state towards 2050 with increasing renewable capacity. Key components of the scenarios are the projections 
of future high-level network and conventional generation capacity, capacity and availability profiles of 
renewable resources, and the forecasts of electricity demand. The requirements for flexible system services, 
such as balancing, frequency regulation and reserve capacity, will also be taken into account within the 
scenarios. 

Reports, studies and presentations regarding these key-components have been assessed in a literature study. 
Also underlying issues like developments of technology and cost of generation (learning curves) have been 
investigated in the literature study.  

An overview and comparison has been given of the previously published scenarios for the development of the 
electricity supply. This involves scenarios for the market as well as the development of the fuel mix and the 
transmission network. The demand drivers have been discussed and possible development of demand is 
reviewed. Also the fuel demand and supply (reserves and resources) of all relevant fuels including scenarios 
for future fuel prices have been evaluated and finally the possible development of all involved technologies 
including costs, flexibility and potential of renewable technologies has been described.  

This formed the basis of the selection and development of the scenarios, which in turn formed the input for 
the eStorage scenario modelling study in the WeSIM model of Imperial College (ICL) and the European Market 
Model of DNV GL. The goal of that modelling exercise was to assess the need for flexibility in the energy sector 
up to 2050 and evaluate the role that energy storage, in particular variable speed pumped hydro, can fulfil. 

The scenario development was based on the review of recent scenario and roadmap studies. Most of these 
studies use the back-casting methodology for this. Back-casting, as a kind of opposite of forecasting, is a 
technique that involves identification of a particular scenario and tracing its origins and lines of development 



   

 

eStorage ¶ D6.9¶ Final Project Report  06/10/2017   24 / 43 

 

ōŀŎƪ ǘƻ ǘƘŜ ǇǊŜǎŜƴǘΦ ! Ǿƛǎƛƻƴ ŦƻǊ ǘƘŜ ŦǳǘǳǊŜ ƛǎ ŦƻǊƳǳƭŀǘŜŘ ŀƴŘ ǘƘŜƴ ǘƘŜ ǉǳŜǎǘƛƻƴ ƛǎ ŀǎƪŜŘΥ άǿƘŀǘ Řƻ ǿŜ ƴŜŜŘ ǘƻ 
do today to ǊŜŀŎƘ ǘƘŀǘ Ǿƛǎƛƻƴ ƻŦ ǎǳŎŎŜǎǎΚέ  (see Figure 16) 

 

 

Figure 16: Back-casting (The Natural Step, 2013) 

 

One of the main challenges in the eStorage project was ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǾŀƭǳŜ ƻŦ ΨŦƭŜȄƛōƛƭƛǘȅΩ ƛƴ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ 

system. One could argue that in a system with large intermittent resources the need for flexibility will be high. 

On the other hand, in a system with large amounts of resources dedicated for base load operation like nuclear 

power and coal power there may also be a value for flexibility.  

Clustering of scenarios from various studies was used to define a logical set of scenarios that are in line with 

other studies and are adequate to investigate the value of storage and VS PSP under different circumstances 

especially regarding the need for flexibility. From this point of view, a set of scenarios based on the share of 

renewable energy sources (RES) and nuclear energy seems viable.  

Finally, a choice was made of four scenarios with 40%, 60%, 80% and 100% RES. This choice also aligns with 

the scenario choice in the eHighway2050 project. It seems obvious and sensible to align with the 

eHighway2050 findings since this will, to a large extent, determine the network development in Europe.  

Besides the definition of development scenarios Task 3.1 also involved an investigation into the role of storage. 

First, the qualitative aspects of the need for flexibility in future low-carbon European electricity system were 

investigated. Key drivers behind the increased need for flexible system services were discussed such as the 

increased penetration of intermittent renewable generation. Finally, the potential contribution of energy 

storage to a more efficient delivery of flexibility in the future systems and enhanced integration of large 

volumes of renewable generation capacity was outlined. This contribution concerns a variety of flexible 

services that storage could simultaneously provide to the system as well as to various market players. This 

may be done either by delivering ancillary services (e.g. reserves, voltage support, black-start, etc.) or energy 

management services (arbitrage, load shifting, RES curtailment minimisation, etc.). 

The scenarios and the insight in the role of storage were used in Task 3.2 for the determination of the value 

of storage. The results are also valuable for other studies with regard to the energy transition and investigation 








































