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EXECUTIVE SUMMARY  

 

A Virtual Storage Plant (VSP) is defined as a platform capable of integrating the characteristics and 
limitations of distributed individual storage units ς using the same or different storage technologies - while 
maximizing their performance and reducing additional costs stemming from not-optimal usage.  

The concept of VSP is brought up in terms of representative scenarios, in which high penetration of 
renewable energy sources (RES) and diverse availability of storage technologies are expected. Distributed 
storage technologies close to the end-users are proved to provide more benefits over large-scale storage 
units. VSP aggregates multiple distributed storage systems and can be regarded as a single responsive unit 
from ǘƘŜ ǎȅǎǘŜƳ ƻǇŜǊŀǘƻǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜ.  

This report focuses on the methodology to provide the grid-support functionalities of VSP as mentioned in 
High Level Use Case 5. In the first part of the report future scenarios of RES penetration and associated 
storage capacities are identified, where several storage units are connected at distribution level. The 
challenges related to the VSP service delivery and market participation are discussed.  

In the second part of the report a modelling framework for VSP is described, which includes dynamic 
models of selected storage technologies. The presented modelling framework is used to test the VSP 
response in the simulation studies. In order to formulate the optimisation-based control problem technical 
characteristics and constraints considering different storage operations and grid connections are analysed 
using the IEC standards. The setup for the laboratory-based VSP demonstration is also introduced. 

Finally, a set of algorithms is developed, which enables cost-effective storage coordination to provide 
frequency regulation, voltage support and market participation. The control algorithm for the provision of 
frequency and voltage regulations is based on distributed optimisation and consensus techniques, which 
breaks the hierarchy between fast storage response and optimal storage usage. The algorithm for VSP 
market participation constitutes a stakeholder-centric model for energy storage systems to provide 
multiple services to the energy and balancing markets. The performance of the proposed algorithms is 
assessed through simulations using standard test network models. In addition, TSO-DSO cooperation 
methods are presented. These coordination schemes consider the feasibility of the demonstration cluster 
in Greek networks. 

The deliverable shows great potentials of distributed storage technologies in grid-side applications via 
aggregation and coordination. We hope the outcomes of this deliverable can inspire more efforts and 
future investment towards a large-scale storage deployment.  
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1 Introduction 

1.1 Purpose of the document 

The increased penetration of non-dispatchable renewable energy resources (e.g. wind and solar) 
introduces considerable uncertainties into the power networks. In order to synchronize with the grid 
frequency most of these renewable energy sources (RES) are interfaced to the grid through power 
electronic converters, which provides little frequency support in terms of inertial response and dynamic 
frequency regulations. On the other hand, the bi-directional power flow between transmission and 
distribution networks brings new voltage issues, which become severe considering the mismatch between 
periods of peak loads and high renewable productions. The intermittent nature of RES challenges the 
economic dispatch of the generation resources to avoid congestions in the networks. 

The concerns of power system stability and reliability bring new opportunities for storage technologies, 
which are identified as promising solutions to improve the qualities of power delivery under high RES 
penetration levels. The use of storage technologies for grid support can be dated back to several decades 
ago, during which the pumped hydro storages (PHS) were commissioned to provide various services, e.g. 
energy management and frequency and voltage supports. More recently, small-scale storage units, such as 
batteries, supercapacitors and flywheels, become popular as more benefits can be provided by deployment 
close to the end-users. The technology advancement and reduced-price further strengthen the potential 
benefits of small-scale storages over pumped hydro storage in grid-side applications. However, how to 
coordinate a large number of storage units in a cost-effective manner is still a major concern. 

This report is the second deliverable of the work package 7 within the CROSSBOW project. In the first 
deliverable D7.1, an overview of the existing storage technologies and RES systems in the consortium 
region, i.e. the south-eastern Europe, is provided. An important conclusion of the overview is that most of 
the consortium countries drive the RES integrations in an ambitious way to meet targets of the European 
Union (EU) energy roadmap 2050, which aim at the 80% - 95% greenhouse gas emission reduction 
compared to the level of 1990. However, the availability and capacity of storage systems are still low and 
most of these storage units are still PHS, dispatched in a central way and mostly used for energy arbitrage, 
whilst just a small portion of them can provide ancillary services. Market and regulation are still among the 
major barriers to large-scale storage applications.   

In this context, the deliverable D7.2 aims at demonstrating the great potential of multiple storage units 
forming the virtual storage plant (VSP) for grid support. In this report several VSP scenarios under different 
RES schemes are identified. Suitable storage technologies along with their sizes and locations are analysed 
based on the identified scenarios. Existing storage projects are also considered to provide information and 
insights on storage applications. The dynamic models of distributed storage technologies are introduced, 
and then novel methodologies enabling cost-effective storage coordination for voltage and frequency 
regulations, market participation are developed. The TSO-DSO coordination schemes are also discussed, 
which can enable the response of distributed storage systems located in distribution levels.   

1.2 Structure of the document  

This report mainly focuses on the methodology development enabling cost-effective storage coordination 
to deliver the functionalities defined in the high level use case (HLU) 5, i.e. frequency and voltage 
regulations, market participations.  

The document is organized in the following main sections. 

Definition of VSP scenarios 

In Section 2, the current and future scenarios of RES deployment are introduced. Sustainable Transition (ST) 
and Distributed Generation (DG) are the two identified future scenarios with the estimated share of 
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renewables from 2030 to 2040. Furthermore, the expected storage capacities are analysed based on the 
RES estimation in DG and ST scenarios, which indicate moderate growth in ST scenario and high growth in 
DG scenario, respectively. Based on the future scenarios of storage technologies, challenges of VSP 
implementations for flexible services and market participation are discussed. 

Distributed storage technologies for VSP application scenarios 

In Section 3, the state-of-the-art of the storage technologies are analysed with respect to their types, sizes 
and locations for providing various ancillary services. Further, a few of examples on previous and existing 
projects (e.g. PV-Estia project, Li-Ion batteries in Suha-Kranj, Slovenia and second-life EV-Batteries project) 
are given in order to provide ideas on how the most commonly-used battery technology takes part in the 
market.  

Modelling and characteristics of VSP 

In Section 4, the dynamic models of commonly used storage technologies are developed, including the 
flywheel energy storage system, the battery energy storage system, the supercapacitor energy storage 
system and the PHS system. For the converter-interfaced storage technologies (battery, flywheel and 
supercapacitor), the same controls for power converters are introduced and apply to these storage 
technologies. Furthermore, the characteristics and constraints of distributed storage technologies in grid 
applications is discussed considering different control hierarchy documented in IEC/ISO standards.  

Advanced coordination of distributed storage system for power system application 

In Section 5, an advanced control framework is introduced enabling improved frequency response from 
multiple storage units within a VSP. The framework is proposed using the consensus algorithm and 
distributed optimisation algorithm, which is based on the online convex optimisation (OCO). The proposed 
framework breaks the hierarchy between primary, secondary and tertiary frequency regulations, in the 
sense that the grid frequency is brought back to the nominal value through optimized response from a 
large number of storage units. The same control framework can be applied to voltage regulations from VSP.  
In the second part of the section, a promising optimisation tool ς General Algebraic Modeling Systems 
(GAMS) [123]-[127] is presented with comprehensive case studies and comparisons with different 
algorithms and optimisation tools. The results indicate the potential of using GAMS for the optimisation of 
storage units within VSP. Finally, the preliminary setup of the testbed at the SGLAB of UNIZG is also 
presented, which will be used for validating the presented algoritms in the next deliverable.  

Algorithm development enabling market participation of VSP 

In Section 6, an optimisation algorithm is developed for VSP participating markets. The algorithm 
constitutes a stakeholder-centric model for energy storage systems to provide multiple services to the 
energy and balancing markets. The model quantifies the value proposition for stationary energy storage 
systems to seize price arbitrage opportunities in the energy market, and further participate in the balancing 
markets by providing frequency regulations services to the system operator. 

TSO and DSO cooperation approach 

In Section 7, five TSO-DSO coordination schemes are presented with an emphasis on providing ancillary 
services to the TSO. This section includes the analysis of the feasibility of each coordination scheme for the 
demonstration purpose of the TSO-DSO Use Case (HLU5-UC01) in the area of Peloponnese. 
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2 Definition of VSP Scenarios 

2.1 Potential of VSP for identified RES scenarios  

During the last years, the growing interest on the sustainable development, based on a renewable energy 
source (RES) penetration increment, has introduced the need of developing a storage support system, in 
order to compensate the disturbances introduced in the power systems that originally were developed to 
operate with conventional dispatchable energy sources, like coal, gas, nuclear, etc.  

Due to the high cost reduction of photovoltaic (PV) and Wind technologies, joined to the current needs of 
renewable source penetration with the aim of fulfilling the European objectives, an important RES 
increment in the European power system is foreseen. However, despite of the increment of RES 
penetration, the security, flexibility and stability of the grid must be maintained or even increased, 
guaranteeing the coupling between generation and demand, as well as, all the services required for proper 
system operation, like balancing, back up capacity, etc. 

 

 

Figure 1. Overview of Power System Stability 0 

 

A solution to this problem is to add smart control strategies to the inverters of single renewable energy 
resources RES. The control strategy can be split on two timescales:  fast (response time of 1ms) and slow 
(response time of 1 min and slower) control. The distribution network will be kept stable in the event of 
disturbances by using the fast control strategy that uses local measurements (e.g. voltage, available power) 
as input. On this short timescale, communication with remote entities is avoided as to maximize the 
reliability of the system. The slow control, which typically will use communication, will help the system to 
reach an optimal state [2].  

Another solution to ensure the grid stability in the coming future, would be to grow the storage capacity of 
the grid (by increasing the number of storage technologies installations: pumped hydroelectrical storage 
(PHS), batteries, etc. In this sense, as it will be explained below, PHS units are the most mature technology. 
However, their capabilities with regards to fast control strategies (response time of 1ms) are limited.  

In order to solve these issues, within CROSSBOW project it has been analysed, under different scenarios, 
the use of distributed storage systems controlled from a unique point, named Virtual Storage Plants (VPS). 
In this respect, VSP can support the local voltage in the distribution network and even export reactive 
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power compensations to the transmission level. Besides, VSP might be capable of supporting local 
frequency when contingencies happen in the main grid. Due to the variability of ancillary services that 
could be provided by a VSP, VSP product (developed in the framework of CROSSBOW project) will stablish a 
determined operational limits/specification as a function of the technologies and storage units grouped as 
part of a VSP unit. This characterization will allow to the system operator to know which requirements can 
be fulfilled by each storage unit under different grid scenarios, and introduce each one in the energy mix 
according to the grid requirements. 

Below it is exposed the different scenarios that are object of this study.     

2.1.1 Current scenarios 

Nowadays, in general terms and at European Level, the storage technologies development has been limited 
at PHS units due to the high cost that will suppose the implementation of storage equivalent units (in terms 
of power and energy) with other technologies like batteries (Li-Ion or REDOX), flywheels, etc., as well as, 
the low maturity of these alternatives. 

However, due to the recent efforts in reaching higher efficiencies and increasing the life of the components 
and equipment, joined to the important cost reduction, new facilities of alternative storage technologies 
are appearing. 

The following table summarized the new storage projects that are going to be developed in future years, 
according to the TYNDP 2018 data base: 

 

Table 1. New storage project at European Level [3] 

Name Country Techn. Power 
[MW] 

Energy 
[GWh] 

Status 

HPSP Plant Pfaffenboen in Molln Austria PHS 300 1.80 Under 
construction 

Kaunertal Extension Project Austria PHS 400 152 In permitting 

iLand Belgium PHS-
Offshore 

550 2 Planned 

Hydro-Pumped storage in Bulgaria-
Yadenitsa 

Bulgaria PHS 864 5.20 In permitting 

Estonian PHES Estonia PHS 550 5.45 In permitting 

HPS Amfilochia Greece PHS 680 3.97 In permitting 

Kruonis pumped storage power 
plant extension project 

Lithuania PHS 225 8.20 Under 
consideration 

Mont-Negre power Spain PHS 3.300 75.11 In permitting 

PHES Navaleo Spain PHS 552 3.60 In permitting 

CAES Zuidwnding Netherlands CAES 247 1.92 Under 
consideration 

Coire Glas Scotland PHS 1.500 30 In permitting 

Cruachan II Scotland PHS 600 6.90 Under 
consideration 

Girones and Raimats Spain PHS 2.756 64.90 In permitting 

CARES UK CAES 540 1.866 Planned but 



CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale market 

 

 

D7.2 Techno-economic framework and algorithms for advanced coordinated use of distributed storage technologies 15 

not yet 
permitting 

Cheshire Gas UK CAES 300 1620 Under 
consideration 

Silvermines Ireland PHS 360 1.80 Under 
consideration 

Riedl Germany PHS 300 3.50 In permitting 

P-PHES CUA Spain PHS 234 1.62 In permitting 

PSPP Kozjak Slovenia PHS 356 8.56 In permitting 

MAREX Organic Power Energy 
Storage 

Ireland PHS 750 6.10 Planned but 
not yet 
permitting 

 

As it can be seen in previous table, in line with previous paragraphs, the most common storage technology 
for the following years will be PHS. However, other new technologies, such as CAES (Compressed Air Energy 
Storage), start to introduce in the power sector.  

This scenario matches with the current low-RES penetration at distribution level in Europe, and the 
centralization of new RES units in big farms/plants, being the PHS technology the most appropriate for 
reducing the RES curtailment and improving the accommodation of flows. Nevertheless considering other 
future scenarios where a higher RES penetration at distribution level is expected, this type of storage 
technology (PHS) will not be the most appropriate for stabilising the grid, due it would require a relevant 
investment for adapting the grid to the requirements of an intermittent and disaggregated renewable 
generation, and a variable consumption. However, a distributed renewable generation scenario combined 
with a distributed storage concept will be the best configuration for maximize the benefits of VSP product 
implementation, allowing to couple the generation and consumption, as well as, provide ancillary services 
near of the point of generation and consumption, avoiding high investment in the grid system and 
maximizing the grid efficiency. Due to the limitations of PHS technology at location level, new storage 
technologies (mainly batteries ς Li-ion and REDOX flow) should carry out an important role for a distributed 
storage scenario, despite of currently it is needed a high cost reduction.  

In addition, the current low penetration of non-dispatchable RES units in south east European countries 
justify the low number of new storage projects in this region, due that the disturbances produced by the 
new non-dispatchable RES projects can be assumed by the current power system. 

On the other hand, despite of the low number of project of small storages mentioned in D6.1 (mainly 
implemented in Croatia and Greece), it is important to remark the current increment of household 
batteries (hybridized with solar PV) at European level that could contribute to make the grid more stable 
and reliable if the future years. In addition several European countries allow to inject the household 
overload production directly into the grid, getting a financial compensation or reducing the associate 
energy bill. If all of these household batteries were connected to the distributed or transmission system 
they would be one the most promising assets for the future VSP implementation, due to control thousands 
or millions of individual batteries only could be carried out through an advanced and automated control 
system in direct contact with system operator like VSP product. 

At residential level, some relevant manufacturers of batteries, inverters and PV equipment are increasing 
their opportunities and presence in the market, mainly supported by the recent cost reduction in the 
investment required for a household PV. 

Additionally, according to BloobergNEF [4], the forecast shows sales of electric vehicles (EVs) increasing 
from a record 1.1 million worldwide in 2017, to 11 million in 2025 and then surging to 30 million in 2030 as 



CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale market 

 

 

D7.2 Techno-economic framework and algorithms for advanced coordinated use of distributed storage technologies 16 

they become cheaper to make than internal combustion engine (ICE) cars. These forecasts reinforce the 
idea previously announced: to coordinate these distributed storage systems (at residential level, electrical 
vehicle, etc.) to support the grid stability.  

2.1.2 Future scenarios 

Regarding the previous Work done in D6.1 about the future scenarios of RES penetration and the storage 
technology penetration associated to it, based on TYNDP 2018 report [3], several scenarios of storage 
technologies, suitable of being operated though the VSP product, have been detailed in the following 
sections for each country where the CROSSBOW project is focused. 

Considering the Sustainable Transition (ST) scenario, a low growth of storage capacity is foreseen due to 
the RES penetration increment would be carried out through centralized renewable projects, where the 
PHS will continue being the best alternative as storage technology.  

On the other hand, the Distributed Generation (DG) scenario considers a very high growth of storage 
capacity in combination with a high RES penetration at distribution level ς mainly due to the high increment 
of PV capacity. The general increment of RES capacity will favour the introduction of additional PHS, 
however this scenario will be more favourable for batteries introduction, hybridizing PV power plants. 

In the following table a summary of ST and DG scenarios is showed including the main parameters and 
considerations at European level [5]: 

Table 2 Summary of ST and DG scenarios 

 

2020 

Sustainable Transition 
(ST) 

Distributed Generation 
(DG) 

 2030 2040 2030 2040 

System share of wind 13% 20% 29% 19% 27% 

System share of solar power 5% 8% 12% 15% 25% 

Biomethane production share of 
demand 

1.8% 3% 5% 9% 13% 

Power to gas share of demand 0% 0% 0% 1% 1% 

Storage N/A Moderate growth High Growth 

 

As mentioned in previous paragraphs DG will be considered as a good example of the future situation 
where VSP product can play a very important role. For this reason, two main scenarios will be considered 
with different RES and Storage penetration for 2030 and 2040. 

Scenario I: DG 2030 

Based on the public consultation carried out by the end of 2017, as part of the TYNDP 2018 (ENTSO-e) 
report [5], stakeholders were invited to provide feedback using a questionnaire available online. After 
analysing and processing all the information and data received main assumptions for RES and Storage 
penetration were published in this report: 

Main assumptions regarding the storage increment associated to the new PV power plant (which would be 
the main reason of the storage penetration increment):  
ω 10% of new solar installations are with batteries:  
ω 0.1 kWh of battery per each 1kW solar  
ω 500 W per kWh 

Considering these assumptions and the PV increment capacity expectations for 2025 a 2030 mentioned in 
D6.1 ς where the energy mix of each national power system was disaggregate among different renewable 
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and non-renewable technologies ς as well as the expected increment of batteries in terms of power and 
capacity, the following table has been created in order to estimate the battery penetration in each national 
power system. 

Table 3 Estimation of the battery penetration in each national power system in DG2030 

Country PV capacity 
2025 (MW) 

PV capacity 
2030 (MW) 

PV 
capacity 
increment 
(MW) 

Total Battery 
Power 
increment 
(MW) 

Total Battery 
Capacity  
increment 
(MWh) 

Serbia 100 5.535 5.435 27 54 

Bulgaria 1.500 4.211 2.711 14 27 

Romania 1.500 11.642 10.142 51 101 

Macedonia 32 1.389 1.357 7 14 

Greece 2.904 7.410 4.506 23 45 

Montenegro 20 413 393 2 4 

Croatia 100 2.658 2.558 13 26 

Bosnia & 
Herzegovina 

0 2.396 2.396 12 24 

TOTAL 6.156 35.654 29.498 147 294 

Note: The period considered for battery capacity estimation is from 2025 to 2030 due to the current 
planned PV projects (2020) do not consider batteries as part of them yet. 

 

 

Figure 2. PV capacity increment according to DG 2030 (from 2025 to 2030) 

 

According to the picture above, from 2025 to 2030 the main PV capacity increment (in MW) would appear 
in Romania with more than 11.600MW of PV installed. Greece, Croatia and Serbia will also significantly 
increase their capacity.  

As the capacity and power grow of the batteries has been proportionally estimated based on the previous 
PV capacity increment, the graphs below have the same shape than the previous described.     
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Figure 3. Battery capacity and power increment according to DG 2030 (from 2025 to 2030) 

 

An estimated typical size of the PV installations can be considered among 0.1 ς 10 MW (peak power), so 
the typical battery units to be installed in this type of PV plant will be in the range of 5-500 kW with 2 hours 
of capacity. 

Scenario II: DG2040 

In this scenario, as in previous DG2030, the assumptions showed in TYNDP 2018 report [3] are considered 
for estimating the batteries storage penetration as follow: 

 

Main assumptions regarding the storage increment associated to the new PV power plant (which would be 
the main reason of the storage penetration increment):  

ω 50% of new solar installations are with batteries 
ω 0.5 kWh of battery per each 1kW solar  
ω 500 W per kWh 

 

 Table 4 Estimation of the battery penetration in each national power system in DG2040 

Country PV capacity 
2030 (MW) 

PV capacity 
2040 (MW) 

PV 
capacity 
increment 
(MW) 

Total Battery 
Power 
increment 
(MW) 

Total Battery 
Capacity  
increment 
(MWh) 

Serbia 5.535 7.832 2.297 287 574 

Bulgaria 4.211 9.286 5.075 634 1269 

Romania 11.642 16.481 4.839 605 1210 

Macedonia 1.389 2.504 1.115 139 279 

Greece 7.410 20.247 12.837 1605 3209 

Montenegro 413 1.147 734 92 184 

Croatia 2.658 7.542 4.884 611 1221 

Bosnia & 
Herzegovina 

2.396 5.803 3.407 426 852 

TOTAL 35.654 70.842 35.188 4.399 8.797 
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Note: The period considered for battery capacity estimation is from 2030 to 2040. 

 

 

Figure 4. PV capacity increment according to DG 2040 (from 2030 to 2040) 

 

According to the previous picture, from 2030 to 2040 the main PV capacity increment (in MW) would 
appear in Greece with almost 13.000 MW of PV installed. In this period, all the countries under study will 
increase significantly their PV capacity.   

As it was explained above, the capacity and power grow of the batteries has been proportionally estimated 
based on the previous PV capacity increment, so that, the graphs below have the same shape than the 
previous described.     

  

Figure 5. Battery capacity and power increment according to DG 2040 (from 2030 to 2040) 

 

In this case, considering the same typical range of PV power plant 0.1 ς 10 MW (peak power) than DG2030, 
the typical battery units to be installed will be in the range of 25 ς 5.000 kW with 2 hours of capacity. 

In previous both DG scenarios (2030 and 2040) the number of distributed storage assets, as well as, the 
typical power and energy of each one, introduce a very interesting opportunity of being managed by a 
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centralized product, like VSP, allowing to take advantage of different business cases that would be 
impossible if the assets were operated in an isolated way. These main business cases could be summarized 
in the following list: 
ω To balance the excess of RES production ς reduce/avoid curtailment 
ω To provide ancillary services to the grid 
ω To increase revenues from the storage units joint operation (aggregators) 
ω To reduce grid investment due to installation of new non-dispatchable RES units 

The expected growth of battery storage in the power sector would be carried out through the combination 
of larger batteries, despite of currently they are one of the critical segments of the energy-storage markets 
(as can be seen in previous section there are not relevant project of storage based on battery technology), 
and the rapid growth of residential energy storage. As an example, Germany is one of the fastest growing 
markets for residential battery storage, of around 100,000 solar storage systems installed at the beginning 
of 2019, mainly due to the price reduction of storage, which has fallen over 60% since late 2014 in some 
European Union (EU) countries [6]. 

Besides, new possibilities will appear in relation with EVs and the use of their batteries in a similar way than 
the use of the batteries of PV household facilities. It took five years to sell the first million electric cars, but 
in 2018, it took only six months, so its fast-growing rate could position EVs batteries as a good alternative 
for VSP product. However, currently EVs sales in SEE countries is lower than 1%, so its future use as part of 
a VSP will take some extra years. 

2.1.3 Services and advantages 

Based on previous scenarios of storage penetration and focused on DG scenario, where the storage 
development is higher, a determined number of services and advantages can be associated to the 
simultaneous operation of storage assets through VSP product. Regarding High Level User case 5 (HLU5), 
the capacity of VSP for each UC is defined below: 
ω UC01 TSO-DSO cooperation for voltage control-congestion management via distribute storage 

systems: in this UC VSP product can coordinate multiple distributes storage integrated as part of PV 

power plants, PV facilities considered in household and EVs. The grouped use of this storage units 

will be able to avoid voltage limits violations and congestions. In this case, and focused on the 

congestions due to the increased RES production, the storage systems could reduce and even avoid 

this problem, mainly in DG2040 where the power and capacity of the batteries would be higher 

than DG2030. 

ω UC02 Frequency regulation by VSP coordination: in this UC the VSP implementation will offer a 

potential frequency regulation capacity due to the capacity of storage the energy when the 

frequency is over the nominal value and inject extra power when its value is under the nominal 

value. Regarding DG2030 scenario the batteries implemented in the 10% of new solar PV facilities 

can offer regulation of around 0,5% (in terms of power) over the total new PV power installed. On 

the other hand, in DG2040 scenario, the typical batteries implemented in the 50% of new solar PV 

facilities can offer a range of regulation of around 12,5% (in terms of power) over the total new PV 

power installed. This approach identifies the potential of VSP product as one of the main relevant 

solutions for frequency regulation. 

ω UC03 Voltage support by VSP coordination: this UC offers a similar capability than in previous UC02 

but focus on voltage and reactive power. In this case, the additional services and capabilities will be 

offered by the type of inverter associated to the new battery systems included as part of new PV 

power plant. Regarding DG2030 scenario 0,5% (in terms of apparent power) over the total new 

solar PV power can be offered for regulation. In case of DG2040 scenario, 12,5% (in terms of 

apparent power) can be offered for regulation. 
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Figure 6. Inverter limitation [7] 

 
ω UC04 Congestion mitigation by VSP coordination: in this UC due to the addition energy capacity 

offered by new batteries installed in new PV facilities, the grid can avoid some typical congestion 

due to the non-dispatchable power generation from this renewable source. As mentioned in UC02 

and UC03, the VSP product can offer power reduction of 0,5% and 12,5% respectively in DG2030 

and DG2040 of new PV power plants, reducing on this way the congestion problems and 

consequently avoiding relevant investment in transmission and distribution grid to the introduction 

of new PV (or non-dispatchable power plants) in the power system. 

ω UC05 Market participation: in this case VSP can show its capacity not only providing ancillary 

services (frequency, voltage, etc.) or reducing the infrastructure investment, but also increasing the 

incomes from the generator side allowing to carry out some operations like time-shifting, storing 

the energy when its price is lower and injecting it in the grid when its price is higher. The range of 

extra profits will depend on the market (country) where this operation will be carried out. 

Finally, some relevant advantages associate to the previous sections and chapters are listed and 
summarized below: 
ω Residential batteries could be linked together and dispatch to deliver grid support services, acting 

like a unified storage power plant and being able to provide demand-response and ancillary 
services. 

ω Storage distributed solution, near of the consumption point, would reduce the marginal cost of 
dispatching energy, what could help to avoid more costly remedies such as firing up inefficient 
peaking plants or building additional grid infrastructure (usually infrequently used). 

ω As a difference of a centralized storage system, based on PHS technology, strict requirements on 
geographic terrains and locations would not be a limitation for distributed storage battery scenario 
that could be installed in the location where is exactly needed. 

ω VSP can support the local voltage in the distribution network and even export reactive power 
compensations to the transmission level. In addition, VSP are capable of supporting local frequency 
when contingencies happen in the main grid.  

2.2 Challenge of VSP implementations for flexible service and market participation  

The increasing penetration of RES into the EU power system (wind and solar PV in particular), has been 
changing the roles and markets for some existing storage systems but at the same time opening up new 
roles and opportunities for storage.  A highly flexible power system would in principle have a very limited 
requirement for energy storage. The power systems with increased penetration of RES in energy mix, 
however, will continue to face many challenges with respect to flexibility and security of supply. Increasing 
system flexibility (including the use of storage) can reduce the need for peaking generating plant and 
increase the capacity factors of base load plant, reduce the numbers of starts and ramping required of 
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thermal generating plants, hence reducing the operating and maintenance costs of generation, storage can 
reduce the need to curtail wind and/or PV generation at times when renewable power generation exceeds 
local  demand  and  there  is  insufficient  network  capacity  to  export  the  surplus  energy  to  another  
region.  In future, there will be growing opportunities for the introduction of specific markets for 
short/medium term flexibility, in which all potential providers including demand response, electricity 
storage and flexible generators can compete on a level playing field. 

When large storage is not available to support the excess of RES production in the same country or in a 
neighbouring one (HLU1), the coordinated use of a set of smaller geographically dispersed storage units can 
be considered.  In this case, a Virtual Storage Unit must overcome all the challenge already presented in 
HLU3, but also the challenge of coordinating a large number of distributed storage units and the need for 
close collaboration with DSOs. 

As stated in the European energy roadmap 2050, EU has committed to reduce greenhouse gas (GHG) 
emissions in developed countries below 80-95% of 1990 levels by 2050. Two of the main polluting 
industries are the power industry and the transport sector, with 30 and 20.3 % of the global GHG emissions. 
Central parts of reducing the emissions in these industries are the deployment of distributed renewable 
energy in the form of wind and solar power, and electrification of the transport sector by transitioning to 
electric vehicles. These solutions result in major changes in how the power system is organised from the 
traditional top-down flow of power with big power plants covering all the power demand, to a more 
integrated model where power and consumption is located on the same grid level.  

Higher levels of intermittent energy resources and demand results in problems for distribution system 
operators (DSOs) as more distribution capacity is needed for short time-periods. Congestions in the 
distribution grids are traditionally treated by grid reinforcement.  However, with increasing amounts of 
uncontrollable distributed generation and higher demand peaks new methods are needed to handle 
congestions in a technically and economically efficient way.  As a result of the evolution of a new paradigm 
for electricity generation and distribution, distribution grid capacity will in many cases have low utilization. 
Hence, constructing new distribution lines represents a high marginal cost. Utilizing local flexibility to 
handle congestions is a more appealing alternative than upgrading the distribution grid capacity, especially 
when considering the ability of consumers to contribute flexibility based on the developments in smart 
metering and battery technology. New actors such as aggregators and new local markets to handle 
congestions in the local grid have emerged as a popular topic in recent years.   

Distributed energy resources are an important part of the future power system or smart grids. Distributed 
Energy Resources (DER) compose both generation and demand, the most central resources are: 

ω Distributed generation from wind and solar power 
ω Distributed storage or flexible demand, in the form of thermal storage, stationary batteries or 

mobile batteries in electric plug-in vehicles 

DER have different effects on the distribution system, and integration of these resources can result in large 
problems for the DSOs. It is important to deploy and operate these resources in a coordinated way to 
resolve these issues, and in many ways, the effects of different DER on the distribution system can be 
mitigated by their complementing characteristics. 

In line with the overarching R&I framework set by the European Commission in Horizon 2020 in the 
framework of Road Map 2017-2026 of ENTSO-9Σ ƛǘΩǎ ŀŘopted separate C3 Cluster for Power System 
Flexibility [10].  

This cluster supports the deployment of existing and new system flexibility options such as: 

ω Storage solutions for fast-responding power (time dimension) and energy (less capacity needed) as 
well as for novel solutions for system services. Technical requirements, economic, market and 
environmental aspects must be evaluated. 
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ω Demand response encompassing the development of tools and specifications for the control of 
such resources. It will also address the integration of electric vehicles and the modelling of 
customer behaviour and quantify the degree of flexibility provided by the distribution networks. 

ω ICT and enhanced RES forecast techniques would support the optimal capacity operation of the 
power system while maintaining the quality and security of the supply. 

ω The enhanced use of the transmission assets. 

The functional objective (FO) of this C3 Challenge oriented Cluster are: 

T10 Storage integration Storage integration, definition and use of storage services; system added 
value from storage  

T11 Demand Response   Demand Response, tools to use DSR; Load profile, Electric Vehicle (EV) 
impact 

T12 RES forecast  Improved RES forecast and optimal capacity operation 

T13 Flexible grid use Flexible grid use: dynamic rating equipment, power electronic devices; use 
of interconnectors 

Moreover, ambitious scenarios for RES development by 2030 and 2050 for R&I activities will require more 
flexibility and more dynamic operation of TSO businesses. 

2.2.1 Flexibility services  

The increasing electrification and share of decentralised resources entail a need for the extension and 
reinforcement of the distribution and transmission grids to avoid congestions; distributed energy resources 
can also be made available for DShǎ ŀƴŘ ¢{hǎ ǳǎƛƴƎ ƴŜǿ Ψ!ŎǘƛǾŜ {ȅǎǘŜƳ aŀƴŀƎŜƳŜƴǘ ό!{aύ ǘŜŎƘƴƛǉǳŜǎΩΣ 
enhancing the need for DSOs and TSOs to coordinate closely for grid and system needs. 

Active System Management (ASM) is a key set of strategies and tools performed and used by DSOs and 
TSOs for the cost-efficient and secure management of the electricity systems. It involves the use and 
enhancement of smart and digital grids, operational planning and forecasting processes and the capacity to 
modulate, in different timeframes and distinct areas, generation and demand encompassing flexibility 
instruments (toolbox) to tackle challenges impacting system operation, thus ensuring proper integration of 
RESs and a high share of Distributed Energy Resources (DER), as well as the integration with energy 
markets. 

The services for different purposes that can be delivered by flexibility, which is part of ASM, are depicted in 
Figure 7. 

 

Figure 7 Flexibility Services [9] 
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Ancillary services are services provided to DSOs and TSOs to keep the operation of the grid within 
acceptable   limits for security of supply and are delivered mainly by third parties (i.e. control power for 
frequency control, reactive power for voltage control, black­start capabilities) or by the TSOs and DSOs 
themselves (topology changes and integrated network components). Ancillary services are classified as: 

ω frequency ancillary services (mainly for balancing); 
ω services for congestion management; 
ω non-frequency ancillary services such as voltage control and grid restoration, among others. 

ASM refers to these processes in general, basically to the actions taken by TSOs and DSOs to monitor and 
ensure that the grid operational parameters are within satisfactory ranges. It encompasses the operational 
planning processes, the required observability and controllability of the grid, the necessary data exchanges 
and the interaction with market parties delivering those services. 

To realise efficient and co-ordinated electricity grids, DSOs and TSOs need a toolbox or toolset comprising 
different types of solutions for undertaking congestion management and balancing, which is related to 
deliverable subject to WP10 - CROSSBOW Wholesale and Ancillary Market toolset (AM) (SP5). 

Increased distributed stationary storage and flexible load is not an objective in itself in the same way as RES 
or plug-in electric vehicle (PEV) deployment, but a valuable resource in terms of helping with the 
integration of RES and PEVs. Stationary storage and flexible load can help to reduce the need for costly grid 
investments by shifting load from high load hours to low load hours, helping with the integration of RES and 
PEVs as it reduces peak export and import. Batteries can be a viable option for the DSO compared to 
building new transmission lines and expanding transformer capacity as it results in more efficient utilization 
of the grid capacity. Installing batteries should be considered as an alternative to grid investments as it 
might be cheaper and faster to employ. However, DSOs are in general not allowed to explicitly own 
batteries as it is indistinguishable from generation when discharging, while generation and transmission is 
commercially separated in most modern electricity markets. Batteries can be owned by prosumers, 
generators or by an actor in the newly proposed aggregator role, managing many prosumers and trading in 
traditional and future local energy markets.  Distributed batteries can also help with voltage support by 
supplying or consuming reactive power in addition to active power. Distributed storage and flexible load 
are also useful from a consumer point-of-view as it can contribute to reducing the power costs from spot 
market, reducing tariffs by both reducing the maximum power consumed (KWmax) and increasing the 
amount of own generation consumed.   
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Table 5 Pros and cons for the distribution system as a result of distributed batteries [11] 

 

 

Table 6 Pros and cons for consumers owning distributed batteries 

 

2.2.2 Market perspectives for use of developed VSP scenarios for the region of South East 
Europe 

As the power system changes towards a smarter system with more DER, the traditional roles are changing 
and the differences are getting smaller. More generation (and storage) is moving to the consumer side of 
the system turning the consumers into prosumers. The DSO will play a more active role in the balancing of 
the power system as more generation is located at the distribution level. New markets and market actors 
are under development to manage the different services offered by the DER. The main type of actor 
mentioned in the literature is the aggregator, with the responsibility of coordinating the different services 
provided by the DER and offering them to other system actors such as the TSO, DSO and BPR. There are 
many variants of the aggregator role described in the literature where it most often is an actor with or 
without balance responsibility, while other mechanisms are mentioned where it is more like a platform for 
flexibility services. Regardless, the main objective for the aggregator is to maximize the profit for the 
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prosumers by reducing their costs while providing valuable services for the other actors. This is challenging 
as some actors will have conflicting interests at different points in time, thus designing good markets for 
different services and control systems for DER is critical. 

A number of market products have already been identified as possible ways to implement new markets in 
flexibilityΣ ƛƴŎƭǳŘƛƴƎ άƛƴŜǊǘƛŀέ ŀƴŘ άǊŀƳǇƛƴƎέ ǇǊƻŘǳŎǘǎΦ 9ŀŎƘ ŎŀǎŜ ǿƛƭƭ ōŜ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ŀ Ŏƻǎǘ ŀƴŘ ōǳǎƛƴŜǎǎ 
perspective but, from a technological perspective, electricity storage could be a competitor with thermal 
generation in flexibility markets, and there by significantly reduce curtailment, despite the fact that the 
ramping capability of generators continues to improve. These existing and emerging applications of 
electricity storage at system level include:   
ω Energy Arbitrage (Less expensive electricity is used for charging the storage, which is later 

discharged by supplying electricity to the grid during periods of expensive electricity); 

ω Provision of ancillary services, which include reserves and frequency control, voltage control and 

black start capability. The ancillary services markets are still under development in the EU and the 

need and corresponding size of these markets may be limited, they are typically seen as potentially 

more profitable for electricity storage than energy arbitrage;  

ω Congestion management and network up-grade deferral, i.e., electricity storage can be used to 

manage congestion on the grid (e.g., regional and cross border transfers) and potentially defer 

network upgrades, increase transmission utilisation and reduced transmission costs; 

ω Generation Adequacy, i.e., ensuring that sufficient power is available at all times despite the fact 

that high penetration of RES exerting pressure on the utilisation and profitability of thermal 

generation, may lead to over capacity for much of the year and shortages in generation when the 

sun is not shining and the wind is not blowing. Although recent analysis carried out by various 

organisations around the world clearly demonstrates that the value of energy storage technologies 

in systems with large contribution of RES may be very significant, development of real-time 

optimisation and control strategies in systems with various energy storage technologies that differ 

in size, energy density, technical performance and lifespan, is in very early stages. 

Additionally, the contribution of storage technologies, particularly those distributed throughout the 
network, to overall system dynamic performance is very limited and is at very early stages of research. 

Table 7 Overview of energy storage applications in the electricity sector. Source: EASE 
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In a medium-term perspective (5-10 years), not only ancillary services but also energy, arbitrage based on 
stored energy could be a valuable application. Investment deferral, both at the DSO and TSO levels, could 
be a further promising application, but is dependent on the regulatory framework. Self-consumption and 
storage of renewable electricity could also become more wide-spread.  

However, energy storage will likely play an important role in linking the electricity system closely to its 
neighbouring sectors in the energy system and cross border cooperation, thereby decarbonising them. 
Private as well as industrial heat demand are obvious candidates for future supply from the electricity 
system and the transport sector will undoubtedly ς although perhaps at a slower rate ς be shifted to supply 
by energy based on sustainable electricity. Energy storage applications able to support the decarbonisation 
of heating and cooling and transport will become increasingly valuable. 

There are a number of challenges facing energy storage development in South East Europe (SEE). Electricity 
markets in the region have traditionally been very highly regulated and dominated by state-owned 
enterprises. Although there is a push for greater competition through deregulation, that transition is 
happening at different rates throughout the region, with little progress being made in most markets. Given 
the lack of competitive markets, there are limited opportunities for independent companies to own storage 
assets. It is likely that mandates or other government influences will be required to stimulate the regional 
market. A further challenge is the high level of generation overcapacity throughout the region. 

Despite these challenges, there is a potential for a strong energy storage market in Eastern Europe in the 
coming decade. The most attractive markets are likely to be the EU countries in the region (Hungary, Latvia, 
Slovenia, Estonia, Lithuania, Romania, Bulgaria, Czech Republic, and Slovakia) since these countries are 
bound to EU laws regarding electricity market deregulation and reduction of greenhouse gas emissions. In 
addition, there are potentially attractive opportunities in Southern European countries, such as Croatia, 
Serbia, and Georgia. 

2.2.3 Review of existing limitations  [8] 

Energy storage technologies hold significant potential to help drive development in emerging economies by 
improving the quality of the electricity supply and facilitating the effective integration of renewable energy. 
The rapidly falling costs and improving capabilities of stationary Energy Storage Systems - ESSs, along with 
growing industry expertise, will quickly open new markets and cost-effective applications for energy 
storage. Developments in the industry to date have shown that the specific trends and dynamics in energy 
storage markets, this is particularly true for many emerging economies. The specifics of each market, such 
as the applications that storage systems will provide, and the types of technologies best suited to them, will 
depend on a number of factors, including: 

ω  ¢ƘŜ ƳƛȄ ƻŦ ŜȄƛǎǘƛƴƎ ƎŜƴŜǊŀǘƛƻƴ ǊŜǎƻǳǊŎŜǎΣ ƛƴŎƭǳŘƛƴƎ ǇŜƴŜǘǊŀǘƛƻƴ ƻŦ ǊŜƴŜǿŀōƭŜǎ 

ω  ¢ƘŜ ŜȄƛǎǘŜƴŎŜ ƻŦ ŜȄƛǎǘƛƴƎ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǊŜǎƻǳǊŎŜǎΣ ƛn particular, operating pumped hydro plants 
which can greatly limit the need for new ESSs 

ω  ¢ƘŜ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ƳŀǊƪŜǘ ǘƘŀǘ ƛǎ ŘŜǊŜƎǳƭŀǘŜŘ ǾŜǊǎǳǎ ǘƘŀǘ ƻŦ ǾŜǊǘƛŎŀƭƭȅ ƛƴǘŜƎǊŀǘŜŘ 
utilities, which will determine who can own ESS and what services can be provided 

ω  ¢ƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ǊŀǘŜ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ ŎǳǎǘƻƳŜǊǎΣ ǿƘƛŎƘ ǿƛƭƭ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǾŀƭǳŜ ŀƴŘ ƻǇŜǊŀǘƛƻƴŀƭ 
parameters of (Behind-the-Meter) BTM storage 

ω  {ǘŀōƛƭƛǘȅ ŀƴŘ ǊŜƭƛŀōƛƭƛǘȅ ƻŦ ǘƘŜ ŜƭŜŎǘǊƛŎƛǘȅ ƎǊƛŘΣ ƛƴŎƭǳŘƛƴƎ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ŦǊŜǉǳŜƴŎȅ ƻŦ ƻǳǘŀƎŜǎ for 
customers due to lack of generation capacity, lack of transmission capacity, aging infrastructure, 
and extreme weather 

Most activity in the energy storage market to date has centered on select countries and regions, mostly 
with well-developed economies and in energy markets with favorable regulatory frameworks for extracting 
value for storage projects. There are a number of lessons and best practices that can be learned from the 
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industry in these areas, and the limited development that has already taken place in emerging economies 
can be analysed. 

Perhaps the most important factor in a successful energy storage market is the availability of low-cost 
financing for ESS project development. In order to unlock low-cost financing, it is important to utilize 
technology from reputable and established vendors that can offer warranties and performance guaranties 
on their products. This reliable technology must be paired with experienced and capable system integrators 
who ideally have a record of previous successful project development. It is also critical that energy storage 
industry participants educate relevant stakeholders, such as investors, grid operators, and energy 
regulators, on the benefits of energy storage. These factors can reduce the perceived investment risk, and 
greatly increase interest and trust in energy storage as a beneficial technology for emerging markets, thus 
reducing the cost to finance and develop such projects. This in turn will result in more replicable projects, 
rather than highly customized and specific systems, which will be crucial for the market to truly reach scale. 
Finally there are a number of barriers to energy storage market growth that must be overcome. Some of 
these barriers, such as the level of competition, and some aspects of regulation in energy markets, are 
complex and unlikely to be changed in the near-term. Officials in some advanced power markets have 
begun exploring ways to revise market rules and regulations to boost the participation of ESSs and other 
Distributed Energy Resources DERs in their grids. Although these efforts remain in early stages, there are a 
number of operational practices and regulatory changes and practices that can enable better energy 
storage systems and foster the transformation of power systems into more resilient, clean, and 
technologically diverse grids. These include: 

ω  /ƻƴǎƛŘŜǊ 9{{ ŀǎ ŀ ǳƴƛǉǳŜ ŀƴŘ ŀƎƴƻǎǘƛŎ ŀǎǎŜǘ ƻƴ ǘƘŜ ƎǊƛŘΣ ǊŜŎƻƎƴƛȊŜ ǘƘŜ ƘƛƎƘƭȅ ŦƭŜȄƛōƭŜ ƴŀǘǳǊŜ ƻŦ 
the technology, and allow multiple players on the grid system to install, own, and operate the 
system 

ω  hǇŜƴ-up competitive markets for ancillary services to multiple technologies rather than only 
sourcing from large generators, thereby allowing storage operators to obtain additional sources of 
revenue for different services provided, enabling financial feasibility 

ω  9ƴŎƻǳǊŀƎŜ ƭƻƴƎŜǊ-term contracts for services from energy storage, thereby reducing risk for 
finance institutions. 

ω  !ƭƭƻǿ ŀƎƎǊŜƎŀǘŜŘ 59wǎ ǘƻ ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ŎŀǇŀŎƛǘȅ ŀƴŘ ŀƴŎƛƭƭŀǊȅ ǎŜǊǾƛŎŜ ƳŀǊƪŜǘǎ 

ω  LƴǘǊƻŘǳŎŜ time-varying rates to better align supply with demand, allowing customers to use BTM 
energy storage to reduce their electricity costs 

ω  wŜŦƻǊƳ ǳǘƛƭƛǘȅ ōǳǎƛƴŜǎǎ ƳƻŘŜƭǎ ǘƻ ŜƴŎƻǳǊŀƎŜ ŎƻƴǎŜǊǾŀǘƛƻƴ ŀƴŘ ŜŦŦƛŎƛŜƴŎȅ ǊŀǘƘŜǊ ǘƘŀƴ ƭŀǊƎŜ ŎŀǇƛǘŀƭ 
investment: Although energy storage is often a cheaper alternative to substation or transmission 
investments, utilities are often incentivized to make large capital investments 

Other barriers, such as the requirement to use locally produced products in storage systems as part of 
procurement processes, are easier to change. These types of local content requirements, while well-
intentioned, have proven to be a significant barrier to energy storage development given the lack of 
vendors with quality technology in many emerging markets and the scale economies in existing 
manufacturing hubs. It is also recommended that utilities and governments in emerging markets always 
consider ESSs alongside traditional grid investments. Given the falling costs of the technology, storage will 
continue to be an economical alternative or addition to large-scale grid infrastructure in many areas. 
Requests for information from storage vendors and developers have proven to be an effective way to help 
stakeholders in emerging markets better understand the potential opportunities and impact for energy 
storage in their service territories and areas of operation. Despite these barriers it is expected that energy 
storage will play an increasingly important role in the development of many emerging market countries 
over the coming decade. 
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3 Distributed Storage Technologies for VSP Application Scenarios  

3.1 State of the Art of Distributed Storage Technologies  

Energy storage technologies are experimenting an exponential growth, breaking records in installed 
capacity year by year. Moreover, it is significantly remarkable that in 2018, for the first time, the new 
energy storage power installed was higher in a distributed scale (behind-the-meter storage), than at a 
transmission-grid scale (bulk storage), as shown in Figure 8. 

 

 

Figure 8. Global annual energy storage deployment. Source: IEA [13] 

It can be observed how, in 2018, distributed, or behind-the-meter, energy storage power installed doubled 
the value for 2017. These numbers mean that more and more, the energy storage capacity in the electricity 
system is owned and managed by small users, normally active consumers ςor prosumers- that produce and 
self-consume their own electricity, storing the surplus in their batteries to increase their self-consumption 
factor, many times motivated by expiring subsidies to grid-injection of distributed renewable electricity 
generation. 

In Europe, the biggest player is currently Germany, with more than 100000 systems installed. Moreover, 
DŜǊƳŀƴȅΣ ǘƻƎŜǘƘŜǊ ǿƛǘƘ CǊŀƴŎŜΣ ŎƻƳƳƛǘǘŜŘ ǿƛǘƘ мΦт .ϵ ǘƻ ǎǳǇǇƻǊǘ ǘƘŜ 9ǳǊƻǇŜŀƴ ƭƻŎŀƭ ōŀǘǘŜǊȅ 
manufacturing industry. It is remarkable that, in the case of Germany, the market of distributed energy 
storage grew beyond the subsidy programmes. This local market is starting to invest in flow batteries as a 
potential alternative to the market leader, lithium-ion batteries, as shown in Figure 9. 

 

Figure 9. Technology mix in storage installations, excluding pumped hydro. Source: IEA [13] 
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The wide depletion of distributed energy storage systems can be understood from an economical 
perspective, as many of these projects are the so-called renewables-plus-storage projects. This model has 
become the global trend as it improves the economics of both the power and the storage systems. 
In this distributed energy generation and consumption, energy storage cannot be anymore understood only 
as a static service for the owner such as generation-storage-consumption, but in the context of the services 
and applications that it is able to provide according to the grid needs. Flexibility is on its path to become as 
important as surplus energy storage for these systems. 

3.2 VSP Providing Ancillary Services 

Figure 10 shows the activation and deactivation set points in time for the different ancillary 
services/markets for frequency restoration, since the moment an imbalance is detected (yellow arrow in 
Figure 10). 

 

 

Figure 10. Actuation timeframe for each ancillary service to activate/deactivate set point. [14] 

 
VSP can provide ancillary services in two different markets, the balancing service market and the capacity 
market. If the plant was not to sell any ancillary service, it could eventually sell or buy electricity in the 
wholesale market as any other consumer or generator. 

The role of the VSP in the balancing service market would be to provide, by means of a fast response, 
capacity and/or energy for frequency containment and restoration. That could be done in two different 
markets, in the primary market in case the VSP would have taken part in the wholesale electricity market, 
or in the secondary markets, in case it had been decided to bid directly in balancing. 

The other case in which VSP can play a relevant role for the ancillary services market is by means of 
entering the capacity market to provide the system with security of supply. However, this capacity market 
has only been implemented so far in a few countries with a large deployment of battery energy storage 
system (BESS), such as the UK or Australia. 

3.3 Type, Size and Location of Distributed Storage Technologies 

The optimal integration of decentralized energy storages will be an extremely important task in the near 
future for the utilities. Efficient integration and control strategies are needed to get good economic and 
technical balance between the utilities and the customer side. 

Continuing on Chapter 2.1 and the work that is done on the future scenarios, the focus here will be on 
battery storages systems, which are installed closely to distributed energy resources (mainly PV plants). 

Today, PV technology is generally considered as a cost-competitive source for increasing electricity 
production and for providing energy access. Nonetheless, markets in many locations continue to be driven 
ƭŀǊƎŜƭȅ ōȅ ǊŜƎǳƭŀǘƛƻƴǎ ƻǊ ƎƻǾŜǊƴƳŜƴǘ ƛƴŎŜƴǘƛǾŜǎΦ ¢ƘŜ 9ǳǊƻǇŜŀƴ ¦ƴƛƻƴ ōŜŎŀƳŜ ǘƘŜ ŬǊǎǘ ǊŜƎƛƻƴ ǘƻ Ǉŀǎǎ ǘƘŜ 
100 GW milestone of solar power in 2016. Furthermore it is estimated that, by 2050, the net PV production 
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capacity in the EU will be +197.3 GW higher, reaching almost 300 GW in 2050 whereby Germany, France, 
Italy, and Spain will have a prominent role in the spread of PV technology in Europe [26]. 

The key to addressing the variability and uncertainty of PV and renewable electricity integration in general 
ƛǎ ǘƘŜ ƛƴŎǊŜŀǎƛƴƎ ƻŦ ǘƘŜ ƻǾŜǊŀƭƭ ƅŜȄƛōƛƭƛǘȅ ƛƴ ǘƘŜ ǇƻǿŜǊ ǎȅǎǘŜƳΦ 9ƴŜǊƎȅ ǎǘƻǊŀƎŜ can provide a variety of 
ƅŜȄƛōƛƭƛǘȅ ǎŜǊǾƛŎŜǎΣ ƛƴŎƭǳŘƛƴƎ ǇǊƻǾƛǎƛƻƴ ƻŦ ƻǇŜǊŀǘƛƴƎ ǊŜǎŜǊǾŜǎ ŀƴŘ ǎƘƛŦǘƛƴƎ ŜƴŜǊƎȅ ƻǾŜǊ ǘƛƳŜ ǘƻ ōŜǘǘŜǊ ƳŀǘŎƘ 
generation and load. With respect to applications for the daily balancing of demand and supply in the 
electricity system, ǎǘƻǊŀƎŜ ƻǇǘƛƻƴǎ ǎǳŎƘ ŀǎ ǇǳƳǇŜŘ ƘȅŘǊƻ ǎǘƻǊŀƎŜΣ ƳƻƭǘŜƴ ǎŀƭǘ ǘƘŜǊƳŀƭ ǎǘƻǊŀƎŜΣ ƅȅǿƘŜŜƭΣ 
compressed air storage, or battery systems are of main interest. 

Although the vast majority of the global stationery and grid-connected energy storage capacity comes from 
the pumped storage hydropower (95.9% in 2016) major growth can be noticed in electrochemical (battery) 
storage. 

The rechargeable battery is one of the most widely used electrical energy storage technologies in daily life 
and industry. Electrochemical (battery) storage is attractive because it is easy to deploy, its economical, 
compact, and provides virtually instant response both to the input from the battery and the output from 
the network to the battery. Expert outlooks on battery storage are mixed, largely hinging on whether the 
future of electricity system will be increasingly decentralized or remain centralized. Those experts who 
expected decentralization foresaw an important role for battery storage in both the short and long-term, 
particularly in combination with solar PV systems and believing this approach will support the economics of 
household battery systems ς namely by rising electricity prices and decreasing battery costs. Thus, most 
experts saw battery storage as capable of being implemented in Germany to a greater extent towards 2020 
in comparison with other options due to perceived higher feasibility of implementation and advantages in 
financing smaller projects. In the long-term towards 2050, batteries were seen as important for renewable 
integration by those experts who foresaw a more dominant role for decentralized energy production, 
particularly optimal solar integration and congestion relief at the distribution level. Those who expected a 
more centralized energy production system in the future did not say batteries would be unimportant, but 
tended to rank other technologies higher due to perceived higher potential of these technologies to 
integrate renewables. 

It is plausible to assume that the economic aspect of electrochemical storage systems will be improved 
greatly by their development in the future. According to Figure 11, by 2030 it is forecasted that together 
with the increase in efficiency, the installation costs of battery storage systems wƛƭƭ ōŜ ǎƛƎƴƛŬŎŀƴǘƭȅ ǊŜŘǳŎŜŘ 
[27]. Consequently, the Return of investment (ROI) will be reduced and the rooftop PV installation coupled 
with a battery storage system will become a more attractive option for the costumer. In any case, due to 
current EU project development trends ǘƘŜǎŜ ƴŜǿ ƅŜȄƛōƭŜ ŜƴŜǊƎȅ ǎǘƻǊŀƎŜ ǎȅǎǘŜƳǎ have focused on the 
highly developed economic regions. Without governmental support it ƛǎ ŘƛŦŬŎǳƭǘ ǘƻ ǎǳŎŎŜǎǎŦǳƭƭȅ ƛƳǇƭŜƳŜƴǘ 
energy storage system projects and despite the rapidly falling costs these investments are still expensive. 
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Figure 11. Energy round-trip efficiencies and installation costs of electrochemical technologies, 
2016ï 2030.  

(Abbreviations: LA = lead-acid; VRLA = valve-regulated lead-acid; NaS = sodium sulphur; NaNiCl = sodium 
nickel chloride; VRFB = vanadium redox flow battery; ZBFB = zinc bromine flow battery; NCA = nickel cobalt 
aluminium; NMC/LMO = nickel manganese cobalt oxide/lithium manganese oxide; LFP = lithium iron 
phosphate; LTO = lithium titanat) 

 

 

Figure 12. Example of an electrical network with high penetration of DES in the medium and low 
voltage level 

 

An electrical network with high penetration of DES is represented in Figure 12. In the medium and low 
voltage level we can distinguish following DES strategies: 

1. Integration of renewables: 

When used for integration of renewables, DES can act as a buffer and smoothens out the renewable 
generation allowing for seamless grid integration or align wind and solar generation peaks with demand 
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peaks. Additionally, DES can also be used to control the ramp rate (MW/min or kW/min) and to eliminate 
rapid voltage and power swings on the electrical grid. 

2. Frequency and voltage regulation: 

Commonly used in smart-grid and micro-grid applications. Voltage and frequency stabilisation is 
accomplished by balancing the fluctuating demand and enables a changing generation mix without 
oversizing equipment. 

3. Load levelling: 

Reducing stress on grid equipment can be achieved by flattening the demand peaks and thus postpone the 
or completely eliminate grid updates. This strategy allows higher mix of intermittent of renewables into the 
grid and therefore offering interesting possibilities for evolving business models 

4. Peak shaving: 

Manages the highest peak loads without paying additional power fees and improves load factor. This 
strategy also helps to control the amount of reactive power flowing through the grid and offers the 
possibility for DES to be used as available back up power for critical loads and equipment. 

Based on size of the energy storage (capacity and the rated power) and the application, DES systems can be 
connected to different network voltage levels. For example, the grid levels in the German-Austrian-
Switzerland interconnected grid are: Extra-High-Voltage (XHV) in the transmission grid (220 kVAC or 380 
kVAC), High-Voltage (HV) in the supra-regional distribution grid (36 to 150 kVAC), Medium-Voltage (MV) in 
the regional distribution grid (1 to 36kVAC) and Low-Voltage (LV) in the local distribution grid (0.4kVAC) 
[29]. 

Behind-the-Meter (BTM) applications require a connection of the DES at the grid level of the meter, which 
is typically the LV level for small consumers (e.g., residential, small industrial), and the MV level for large 
industrial consumers. 

Furthermore, applications for local grid support (voltage and frequency regulation, integration of 
ǊŜƴŜǿŀōƭŜǎΧ) require the storage system at the grid level, typically again the LV and MV level. These utility-
scale DESs that provide grid ancillary services can feature system power in the Megawatt-range and thus 
require connection to the MV or potentially the HV level in the future. 

Figure 13 shows the grid level chosen for medium- to large scale industrial and utility-scale battery-based 
DES according to their nominal energy and nominal power based on publicly available project data. 

 

 

Figure 13. Grid level study of selected battery based DES in Germany showing the connection 
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between storage system power/energy and network voltage level at the point of connection [28] 

 

Data collected from Global Energy Storage Database reveals a turning point between low and medium 
voltage installations at approximately 200 kW, and a peak power connected to low voltage at 400 kW. 
Additional cost for a MV connection (i.e., transformer, and particularly medium voltage switch-gear) might 
ōŜ ƧǳǎǘƛŬŜŘ ŦƻǊ ƭŀǊƎŜǊ ǇǊƻƧŜŎǘ ƛƴǎǘŀƭƭŀǘƛƻƴǎΣ ŀǎ ǇŜŀƪ ǇƻǿŜǊ ŎƻƴǎǘǊŀƛƴǘǎ ŀƴŘ ǎȅǎǘŜƳ ŜŦŬŎƛŜƴŎȅ Ƴŀȅ ōŜŎƻƳŜ 
favorable with larger systems: Trade-off between cost for appropriately sized cable connections suitable for 
high power transmission at a lower voltage level (lower initial investment but higher operational costs )and 
additional investment for transformers and switch-gear for a higher voltage connection (higher initial costs) 
is project dependent and thus needs to be investigated separately.  

Also, dependent on the application a schematic comparison of electrochemical storage technologies 
suitability is given in the following Table 8 [30]. However, the table does not give any description on the 
status of economic and technical aspects in relation to the various grid applications. 

 

Table 8.Comparison among different electrochemical storage systems for the key grid applications 

 

As mentioned in Chapter 2, the battery energy storage system market experienced a strong growth in the 
recent years, where the battery systems are mainly used in combination with rooftop photovoltaic systems 
to store excess generation peaks and use those during demand peaks. 

A brief overview of the technology mix of the battery energy storage system market is given in the 
following diagrams, Figure 14, Figure 15 and Figure 16. 
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Figure 14. Comparison of residential and small industrial solar energy storage systems on the 
market [31] 

 

 

Figure 15. Comparison of small industrial and large industrial solar energy storage systems on the 
market [32] 
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