
 

 

 

 

© CROSSBOW Consortium http://crossbowproject.eu/ 

 

 

 

 

 

 

 

 

*Type: P: Prototype; R:  Report; D: Demonstrator; O: Other. 

**Security Class: PU: Public; PP: Restricted to other programme participants (including the Commission); RE: Restricted to a group 
defined by the consortium (including the Commission); CO: Confidential, only for members of the consortium (including the 
Commission). 

 

 

 

 

 

 

 

 

Title: Document Version: 

D7.1 Analysis on distributed energy storage technologies in networks with RES 1.7 

Project Number: Project Acronym: Project Title: 

H2020- 773430 CROSSBOW CROSS BOrder management of variable renewable energies 
and storage units enabling a transnational Wholesale 
market. 

Contractual Delivery Date: Actual Delivery Date: Deliverable Type*-Security*: 

M18 (04/2019) M18 (04/2019) R-PU 

Responsible: Organisation: Contributing WP: 

Alessandra Parisio UNIMAN WP7 

Authors (organisation): 

Xiao Wang (UNIMAN), Alessandra Parisio (UNIMAN), Sofia Roti (PPC), Anastasios Varthalis (PPC), Anestis 
Anastasiadis (PPC), Dušan Prešić (SCC), Filip Aleksić (SCC), Marta Gačić (SCC), Daniel Rayo (COBRA), Jose Miguel 
Estebaranz (COBRA), Petar Krstevski (UKIM), Stefan Borozan (UKIM), Aleksandra Krkoleva Mateska (UKIM), Vesna 
Borozan (UKIM), Rubin Taleski (UKIM), Maricarmen Bueno (ETRA), Luis Viguer (ETRA), Lucas Pons (ETRA), Tadeja 
Babnik (ELPROS), Radoš Čabarkapa (EPS), Hrvoje Keko (Koncar), Kraft, Benjamin (VARTA), Aleksandra Ivanovska 
(ELEM). 

Abstract: 

This deliverable provides an overview of the existing and future availability and use of different distributed energy 
storage technologies at regional and pan European level for provision of different types of services to transmission 
network with the emphasis on improved cross border power transfer and voltage and frequency regulation services. 
Building on-top of WP1.2 identified requirements, the focus will be on identifying their advantages and 
disadvantages, scalability and policy and market enabling actions. 

Keywords: 

D7.1, CROSSBOW, Distributed Energy Storage, Cross Border, Voltage and Frequency Regulation 

Ref. Ares(2019)2890338 - 30/04/2019

http://crossbowproject.eu/


 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 2 

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

 

Revision History 

 

 

 

 

This project has received funding from the 

European Union’s Horizon 2020 Research and Innovation Programme  

under Grant Agreement № 773430. 

More information available at https://crossbowproject.eu 

 

 
 

 

Copyright Statement 

 
The work described in this document has been conducted within the CROSSBOW project. This document 
reflects only the CROSSBOW Consortium view and the European Union is not responsible for any use that 
may be made of the information it contains. 

This document and its content are the property of the CROSSBOW Consortium. All rights relevant to this 
document are determined by the applicable laws. Access to this document does not grant any right or license 
on the document or its contents. This document or its contents are not to be used or treated in any manner 
inconsistent with the rights or interests of the CROSSBOW Consortium or the Partners detriment and are not 
to be disclosed externally without prior written consent from the CROSSBOW Partners. 

Each CROSSBOW Partner may use this document in conformity with the CROSSBOW Consortium Grant 
Agreement provisions. 

  

Revision Date Description Author (Organisation) 

V1.1 30.01.2019 Preliminary content from partners EMS/EPS, COBRA, SCC, VARTA, 
PCC, UNIMAN, ETRA, UKIM 

V1.2 08.03.2019 First draft EMS/EPS, COBRA, SCC, VARTA, 
PCC, UNIMAN, ETRA, UKIM 

V1.3 25.03.2019 Revised version UNIMAN 

V1.4 02.04.2019 Further revised by partners. EMS/EPS, COBRA, SCC, 
UNIMAN, ETRA, UKIM 

V1.5 16.04.2019 Review of the deliverable ETRA, ELPROS 

V1.6 25.04.2019 Review of the deliverable ELEM, SCC, VARTA 

V1.7 29.04.2019 Final version UNIMAN 

https://crossbowproject.eu/


 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 3 

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

 

Table of Contents 

a) Applications of energy storage in power networks ........................................................ 14 

b) Questionnaire ............................................................................................................... 15 

a) Pumped- storage hydroelectricity (PSH) plant .............................................................. 19 

b) Applications of PSH ..................................................................................................... 20 

c) Market participation ......................................................................................................... 21 

d) Distributed storage ....................................................................................................... 21 

e) Envisaged storage installation ...................................................................................... 22 

f) Policy constraints ............................................................................................................ 23 

a) Electrochemical energy storage systems ..................................................................... 27 

b) Thermal storage (power to heat) .................................................................................. 29 

c) Other storage technologies .............................................................................................. 30 

d) Chemical storage ......................................................................................................... 32 

e) Electromagnetic storage .............................................................................................. 33 

f) Hybrid storage technologies ............................................................................................ 36 

a) Pumped hydropower storage ....................................................................................... 37 

b) Compressed air energy storage ................................................................................... 39 

c) Batteries [70], [83] ........................................................................................................... 40 

d) Kinetic Energy Storage or Flywheel Concept ............................................................... 42 

e) Superconducting Magnetic Energy Storage ................................................................. 42 

a) Customer services ....................................................................................................... 43 

b) Independent System Operator (ISO) & Regional Transmission Organizations (RTO) 
services ................................................................................................................................. 44 

1 INTRODUCTION ................................................................................................................. 11 

1.1 Purpose of the document .................................................................................................... 11 

1.2 Structure of the document .................................................................................................. 12 

2 Existing Energy Storage Facilities and Applications in Transmission and Distribution Levels 13 

2.1 Energy Storage Technologies .............................................................................................. 13 

2.2 Penetration levels of renewable generations in South East EU Consoritum Partners ....... 15 

2.3 Storage capabilities IN the Consortium RegionS ................................................................. 18 

3 An Overview of Existing Availability and Use of Distributed Storage Technologies at Pan 
European Level [12] ............................................................................................................... 25 

3.1 Classification and types of storage systems ........................................................................ 26 

3.2 Advantages and disadvantages of different storage technologies ..................................... 37 

3.3 Services of energy storage systems ..................................................................................... 42 



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 4 

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

 

c) Utility services ................................................................................................................. 45 

d) Business models [67] ................................................................................................... 46 

a) Self-sufficiency ............................................................................................................. 50 

b) Self-consumption and local grid-support ...................................................................... 51 

a) Value of energy storage in power systems ................................................................... 66 

b) Business case for energy storage ................................................................................ 67 

c) Energy Storage participation in different markets ............................................................ 68 

d) Aggregation of distributed storage ................................................................................ 69 

e) Regulatory and market barriers .................................................................................... 70 

f) Market perspectives ........................................................................................................ 71 

 

  

4 Envisaged distributed storage Capabilities and Their Applications in European Networks .. 47 

4.1 Envisaged distributed storage at European level – driven force, and deployment ............ 47 

4.2 Practice of Greece on Future Storage Technologies ........................................................... 53 

4.3 Practice of Serbia on Bulk storage Technologies................................................................. 54 

5 Storage Potentials Regarding Increased RES Penetration in Future Networks ..................... 58 

5.1 RES penetration future scenarios ........................................................................................ 58 

5.2 Expected RES penetration per country ............................................................................... 59 

5.3 RES impact in STORAGE future scenarios ............................................................................ 64 

5.4 Analysis of sTORAGE technologies AT dISTRIBUTED lEVEL ................................................. 65 

6 An Overview of Existing Policy and Market Enabling Distributed Storage Actions ............... 66 

6.1 Market integration of distributed energy storage .............................................................. 66 

7 Technical Requirements of the VSP product and Scenarios in CROSSBOW .......................... 73 

7.1 Crossbow Products involved in Virtual storage plants (HLU5) ............................................ 73 

7.2 Technical requirements ....................................................................................................... 74 

7.3 Potential future HLU5 scenarios .......................................................................................... 80 

7.4 Market participation of CROSSBOW VSP ............................................................................ 81 

7.5 Market participation in the region of South-East Europe ................................................... 83 

8 Conclusion ........................................................................................................................ 84 

9 References ........................................................................................................................ 86 



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 5 

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

 

List of Figures 

Figure 1. Classification of EES technologies by the form of stored energy [3] .................................... 13 

Figure 2. Network demands and renewable generation mix in the regional networks...................... 16 

Figure 3. The combined records of maximum renewable generations in the consortium region...... 17 

Figure 4. Penetration levels of non-dispatchable renewable power (wind and PV) in percentage of peak loads
 ............................................................................................................................................................. 18 

Figure 5. Capacity of total storage facilities to the peak demands of the networks ........................... 18 

Figure 6. Preferred services from storage technologies for TSOs ....................................................... 23 

Figure 7. Maturity of energy storage technologies [13] ...................................................................... 25 

Figure 8 Efficiency of different battery storage systems measured over a long-term period [17] ..... 28 

Figure 9 Locations of PSH plants on Europe [54] ................................................................................ 38 

Figure 10. Storage layout diagram (© KBB Underground Technologies GmbH). ............................... 40 

Figure 11. Electricity storage diagram [12].......................................................................................... 43 

Figure 12. Sketch of power flow of centralized and decentralized energy production (left), interconnection of 
energy cells (right) ............................................................................................................................... 48 

Figure 13. Measured exchange with the HV grid at two HV/MV transformer stations in Germany [72] 48 

Figure 14. Influence of LV storages on HV/MV transformer loading and MV grid losses [72] ........... 49 

Figure 15. Layout of the future European energy system ................................................................... 49 

Figure 16. End user price for stationary battery storage systems (based on [73]) ............................. 50 

Figure 17. Operation strategy for pure self-consumption [74] ........................................................... 51 

Figure 18. Operation strategy for self-consumption and grid support [74] ........................................ 51 

Figure 19. Average State of charge a typical battery storage system depending on month of the year52 

Figure 20. Operation strategy for self-consumption, grid support and SCR (frequency support) [74]53 

Figure 21. Lisina pumps and Vlasina HPP ............................................................................................ 56 

Figure 22. The TYNDP 2018 scenarios for 2030 and 2040 based on three storylines [84] ................. 58 

Figure 23. RES penetration in all TYNDP2018 – years and scenarios [85] ........................................... 59 

Figure 24. Electricity demand based on different future scenario ...................................................... 60 

Figure 25. DG scenario 2020+25+30DG+40DG .................................................................................... 61 

Figure 26. ST scenario 2020+25+30ST+40ST ....................................................................................... 62 

Figure 27. CGA scenario 2020+25+30ST+40DG ................................................................................... 62 

Figure 28. DG scenario 2020+25+30DG+40DG .................................................................................... 63 

Figure 29. ST scenario 2020+25+30ST+40ST ....................................................................................... 63 

Figure 30. CGA scenario 2020+25+30ST+40DG ................................................................................... 64 

Figure 31. ESS services across different time horizons [92] ................................................................ 67 

Figure 32. Representation of multi-service provision of a distributed ESS [92] ................................. 68 

Figure 33. Aggregated ESS value from the participation in different markets in Great Britain [98] ... 68 

Figure 34 Provision of bids to markets for different products ............................................................ 82 



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 6 

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

 

Figure 35 Actions to deliver services for the accepted bids ................................................................ 83 

 

  



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 7 

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

 

List of Tables 

Table 1. Power rating and energy rating of storage in the consortium counties ................................ 18 

Table 2. Information of PSH plants in each of the consortium country .............................................. 19 

Table 3. Services provided by PSH plants ............................................................................................ 20 

Table 4. Envisaged storage capacities in the region ............................................................................ 22 

Table 5. Overview of the characteristics of energy storage systems [14] ........................................... 26 

Table 6. Values of different battery cells [16] ..................................................................................... 27 

Table 7. Technologies comparative assessment [19] .......................................................................... 28 

Table 8. Technologies comparative assessment [20] [14] .................................................................. 30 

Table 9. Technologies comparative assessment ................................................................................. 31 

Table 10. Fuel cell comparison ............................................................................................................ 33 

Table 11. Characteristic parameters of electrical storage systems [27] [49] ...................................... 35 

Table 12. List of Energy Storage Technologies [83] ............................................................................. 37 

Table 13. Pumped hydropower storage: Pros and Cons ..................................................................... 38 

Table 14. Lead-Acid Batteries: Pros and Cons ..................................................................................... 41 

Table 15. Lithium-Ion Battery: Pros and Cons ..................................................................................... 41 

Table 16. Flywheels: Pros and Cons..................................................................................................... 42 

Table 17. Superconducting magnetic energy storage: Pros and Cons ................................................ 42 

Table 18. Main characteristics of the PSH Bajina Bašta ...................................................................... 55 

Table 19. Main Characteristics of the Vlasina HPPs ............................................................................ 56 

Table 20. Storage and RES penetration ............................................................................................... 64 

Table 21. Examples of services of batteries at Distribution level [88] ................................................ 65 

Table 22 CROSSBOW products involved in HLU5 ................................................................................ 73 

Table 23 Summary of HLU5 product requirements ............................................................................ 75 

 

  



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 8 

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

 

List of Abbreviations 

Acronym  Explanation 

aFRR Automatic Frequency Restoration Reserve 

AGC Automatic Generation Control 

AM Ancillary Market 

API Application Programming Interface 

BESS Battery Energy Storage System 

CAES Compressed Air Energy Storage 

CBG Coal Before Gas 

CHP Combined Heat and Power 

CSP Concentrated Solar Power 

DAM Day-ahead Market 

DEFC Direct-Ethanol Fuel Cell 

DER Distributed Energy Resources 

DG Distributed Generation 

DMFC Direct-Methanol Fuel Cell 

DSM Demand Side Management 

DSO Distribution System Operator 

ESS Energy Storage System  

EU European Union 

EV Electric Vehicle 

FACT Flexible AC Transmission 

FCR Frequency Containment Reserve 

FES Flywheel Energy Storage 

FRR Frequency Restoration Reserve 

GBC Gas Before Coal 

GCA Global Climate Action 

GES Gravity Energy Storage 

HESS Hybrid Energy Storage System 

HFC Hydrogen Fuel Cell 

HLU High Level Use case 

HPP Hydro Power Plant 

IDM Intra-day Market 

IEDS Intelligent Electronic Devices 

IBEX Independent Bulgarian Energy Exchange 

ISO Independent System Operator 

LAES Liquid Air Energy Storage 



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 9 

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

 

LPES Liquid- Piston Energy Storage 

MCFC Molten Carbonate Fuel Cell 

mFRR Manual Frequency Restoration Reserve 

M2M Machine-to-Machine 

RES Renewable Energy Sources 

RR Replacement Reserve 

RTU Remote terminal unit 

RTO Regional Transmission Operator 

ROC Regional Operation Centre 

SCR Secondary Control Reserve 

SCADA Supervisory Control and Data Acquisition 

SMES Superconducting Magnetic Energy Storage 

ST Sustainable Transition 

STO-CC Regional Storage Coordination Centre 

SOFC Solid Oxide Fuel Cell 

T&D Transmission and Distribution 

TRL Technology Readiness Level 

TSO Transmission System Operator 

PCM Phase Change Material 

PMU Phasor Measurement Unit 

PSH Pumped Storage Hydroelectric 

PV Photovoltaic  

UPS Uninterrupted Power Supply  

VSP Virtual Storage Plant 

VPP Virtual power plant 

WAMAS Wide Area Monitoring and Awareness System 

  



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 10 

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

 

Executive Summary 
This report presents a comprehensive overview of existing and envisaged storage technologies in the 
European level, paying special attentions to the interactions between renewable energy sources (RES) 
integration and storage technology development. Generally speaking, the ambitious increment of RES drives 
the development of emerging storage technologies, and the successful applications of storage enhance 
network flexibility and security in terms of dynamic supports (e.g. frequency and voltage regulations) and 
steady-state performance (e.g. congestion management). Particularly, in order to enable actions of 
distributed storage closed to the end-users, cooperation between Transmission System Operator (TSO) and 
Distribution System Operator (DSO) is required, in such a way that the storage facilities can not only improve 
self-efficiency and local reliability, but also participate in frequency and voltage regulations in the 
transmission levels.  

This report starts with a survey of existing storage assets and their applications in the South East Europe, 
which covers most of the consortium countries. It is evident that significant RES increases are happening in 
the past few and close future decades within Europe, especially non-dispatchable renewable generations in 
recent years, which is proved by the information provided by TSOs and identified RES scenarios in the future. 
As a result, most of the consortium countries have concrete plans to expand storage assets, most of which 
are existing large pumped-storage hydroelectricity (PSH) plants. Additional storage facilities might be 
deployed closed to renewable power plants as well. In addition to the bulk storage technologies, the 
information related to the current operating experience and envisaged employment of distributed storage 
technologies is quite limited. But, most TSOs/DSOs have realized the potentials of such small storage assets 
dispersed in the system and closed to the end users. Several ongoing projects are carried out to demonstrate 
the concepts. 

Power network applications are essential for energy storage technologies from the system operation’s point 
of view. Most of the existing storage facilities can participate in system energy management, i.e. energy 
arbitrage at the generation side and peak shaving and load levelling at the customer side. From a TSOs’ 
perspective, in addition to energy arbitrage, bulk storage technologies are commonly used for ancillary 
services to guarantee the network reliability in real time, although only a few of the consortium countries 
have regulation frameworks enabling such actions. When it comes to distributed storage technologies, 
considerable efforts are still required to justify their cost-effectiveness in grid applications, although their 
technical features and capabilities are widely studied in research. It is proved that storage technologies 
providing a series of grid applications would be beneficial to both network and asset owners. However, 
sophisticated scheduling is need for optimal storage units, which brings up the concept of virtual storage 
plant (VSP), using as an aggregator to coordinate individual storage devices within the region.  

To promote the technological development and grid applications of storage technologies, the market and 
regulation framework play important roles for increasing investment. However, neither of the energy 
markets and regulations are satisfying in the consortium countries for the time being. Storage units can be 
actors for multiply markets, including the forward markets, balancing markets and reserve markets. This 
makes it difficult to remunerate the storage for the delivered services, in spite of their non-energy benefits 
and double payments for network usages. Besides, considering the consortium countries have distinct 
market structures, a complete revolution of energy storage might be necessary to provide services in a cross-
border sense. As for distributed storage technologies, appropriate rules need to be established in order to 
separate the revenue with in VSP as well.  
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1 INTRODUCTION 

1.1 PURPOSE OF THE DOCUMENT 

The European member states have developed National Renewable Energy Action Plans (NREAP) to define 
the paths for achieving significant RES penetration in 2020. In such high renewable scenarios, applications of 
energy storage technologies could potentially contribute to total system savings. Bulk and distributed storage 
systems are connected to different sectors of power networks, including generation, transmission and 
distribution levels. Strategic studies indicate that the value of storage systems in low carbon energy systems 
having large concentrations of renewable generation is significant, and it is likely that a portfolio of different 
storage technologies will be required to suit a range of applications [1]. Although technical innovations of 
storage usage are advancing and improving, challenges still exist to justify that the investment of storage can 
be adequately rewarded in the current market structures, which need to be improved to prevent posing 
barriers on cost-effective storage applications. 

In this report, an overview of the existing and future availability and usage of different energy storage 
technologies at regional and pan European levels are given. The report provides insights on the current stage 
and future development of storage employment, with attentions paid to the impacts of RES and current 
market statues. The existing experience of storage operations are those related to bulk storage facilities, 
while envisaged storage development mainly focuses on distributed storage technologies. This analysis will 
serve as a basis for the scenario definitions and algorithm developments enabling the functionalities defined 
in High Level Use Case Higher Level Use Case 5 (HLU 5) dedicated to VSP. 

In order to collect relevant information to broadly estimate existing storage capacity and their potentials in 
European transmission and distribution network, a survey is performed based on the statistics and scenarios 
in the consortium counties, which are mainly located in the south east part of Europe. The increases of RES 
in generation mixes show promising trends especially in recent years. The policy (e.g. EU Energy Roadmap 
2050) is one reason behind this ambitious movement driving renewable energy exploitation, as most of the 
consortium countries have reached agreements of certain levels to achieve significant RES penetration within 
pan European level. 

The aggressive deployment of RES poses reliability issues on network operations while opens new areas for 
energy storage devices. In most of the consortium countries, bulk storage devices are available for energy 
management, but the ancillary services can be delivered by such large and centralized storage assets are still 
limited. The current regulation frameworks prevent full participating of bulk storage systems providing 
services in the market. Compared to the bulk storage facilities, distributed storage technologies providing 
flexibility at the customer side are more attractive options, but almost none of the TSOs within the 
consortium countries have experience in operating smaller storage geographically dispersed in the networks. 
Therefore, the value of distributed storage needs to be further demonstrated with appropriately designed 
coordination methods and remuneration mechanisms.  

This document is prepared by UNIMAN and jointly developed by CROSSBOW partners, which include PCC, 
EPS, ELEM as energy producers, VARTA, ETRA, COBRA from industry, EMS as system operators, and SCC as 
regional security coordinator, including UKIM as university. The report addresses the current status and 
anticipated deployments of electric energy storage at South East European (SEE) region, with a particular 
focus on distributed storage technologies, and the existing policies and market enabling storage 
participations, as well as the impacts of storage on future RES integrations. The presented information covers 
both transmission and distribution levels of the consortium regions. The TSO-DSO cooperation will be an 
important concept to be demonstrated within the work package, so as to enable the adequate distribution 
network flexibility coming from VSP. The supports from TSOs/DSO (ESO, HEDNO, HOPS, CGES, IPTO, MEPSO, 
NOSBiH, TRANS and EMS) in the consortium countries are indispensable parts during the preparation of the 
document.  
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1.2 STRUCTURE OF THE DOCUMENT 

This document is organised in the following main chapters to cover the mentioned contents in previous 
section: 

Existing energy storage facilities and applications 

A general overview of existing storage facilities and their applications in the areas are given in Section 2. With 
the participation of all TSOs/DSO involved in the Task 7.1. This chapter reports the background of storage 
development, available capabilities and existing services that storage can provide to the networks, as well as 
the remuneration ways regarding bulk storage plants available in some of the consortium countries. 
Furthermore, we present the expected storage installations with particular focus on distributed storage, 
along with the preferred services delivered by these new deployments. A brief discussion on the barriers 
preventing future storage investment is also included. 

An overview of existing availabilities and usages of distributed storage at the European level 

Section 3 gives a general overview of existing storage technologies, which are categorized according to the 
materials used to store energy. The functional principle, characterises and constraints with respect to 
individual category of storage technologies are discussed. Furthermore, the advantages and disadvantages 
regarding specific storage device are listed considering different scenarios of applications. Finally, the 
available applications of the mentioned storage technologies are given.  

Envisaged capabilities and applications of distributed energy storage 

Section 4 reviews the anticipated distributed storage technologies at the pan European level. Special 
attentions are given to the driven forces, expected applications and deployments of distributed storage for 
future scenarios. It indicates that storage units trying to maximize self-efficiency and simultaneously provide 
supports to distribution and transmission networks can obtain higher revenue, but sophisticated scheduling 
methods might be required. Finally, practices of TSOs in Serbia and Greece for the employment of bulk and 
distributed storage are presented. 

Potentials of energy storage under high RES penetration 

Section 5 reports the capability to increase RES penetration of identified future possible scenarios of 
availability and use of different distributed energy storage technologies. This chapter gives the future 
scenarios of RES penetration and analyse the cases for different countries. The analysis of how the RES can 
impact the future scenarios and the benefits of storage applications in distribution levels are included.   

Policy and market enabling actions from distributed energy storage 

The current regulation framework and market mechanism are the two main barriers hindering installation 
and application of bulk and distributed Energy Storage Systems (ESSs). Storage systems can participate in 
various types of services with different scale of time horizons, which makes it difficult to quantify system 
benefits and market revenues. Chapter 6.1 summarizes ESS services from the market perspective and analyse 
different types of markets in which the storage can offer their power and capacity. As for distributed storage, 
proper aggregations are needed to provide combined services/products. The regulation and market barriers 
are discussed further and some proposals facilitating ESSs’ full participations in the market are given.  

Technical Requirement of CROSSBOW products related to VSP 

In Section 7, the technical requirements of CROSSBOW products relevant to VSP are summarized based on 
the Deliverable 2.1 “CROSSBOW project requirement definition”. Several possible scenarios of availability 
and use of distributed energy storage technologies are presented. 
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2 EXISTING ENERGY STORAGE FACILITIES AND APPLICATIONS IN TRANSMISSION 
AND DISTRIBUTION LEVELS 

2.1 ENERGY STORAGE TECHNOLOGIES 

The topologies and operating schemes of electrical power systems have been evolving since the development 
of AC transmissions. Nowadays, the electric networks are featured by their increased demands and 
complicated dynamic response due to the integration of renewable energy sources (RES) and deregulations 
as well. ESSs, in this context, are regarded as promising technologies to provide enough flexibility and deal 
with the raised challenges in power networks.  

The applications of ESS in power grids can be dated back to several decades ago. In conventional power 
networks, ESSs in terms of PSH plants are widely employed to provide energy arbitrage and services. One of 
the major functions of PSH is to provide reserve capability and thus improve the efficiency (and reduce 
emission) of thermal power plants that cover base loads [2]. The installation and commission of PSH plants 
extremely thrived at that time as the price of fossil fuel went up. However, due to the concerns on site 
selection and deregulations, the implementation of PSH was restricted afterwards [3][4].  

In the recent decade, due to the public’s debates on carbon footprint and sustainable development, countries 
declared ambitious policies to enhance penetration of renewables in power networks. Grid codes are revised 
accordingly to accommodate large-scale integration of non-dispatchable, intermittent renewable energy 
sources. This situation shifts the interests of academia and industry back to storage systems, which are of 
great potential to further improve the cost-effectiveness and flexibility of the electric grids. In addition to 
PSH, various storage technologies are explored and improved in recent decades, such as  

• battery energy storage systems (BESS),  

• flywheel, compressed air energy storage (CAES),  

• superconducting magnetic energy storage (SMES), etc.  

Compared to a single PSH, a combination of different storage technologies provides more effective solutions 
to cover a range of required services, thus improving the technical and economical features of the power 
networks. Nevertheless, some problems regarding the employment of ESSs are still open and challenging, 
from both technical and economic aspects. Efforts are needed to understand and extract full potentials of 
storage participating in electric grids, which will in return motivate large-scale ESS investment and integration 
in future.   

 

Figure 1. Classification of EES technologies by the form of stored energy [3] 

ESS technologies can be categorized according to the form of energy stored in the storage system. For 
example, PSH, CAES and flywheel convert electric energy into mechanical energy; batteries store energy in 
terms of electrochemical energy; supercapacitor and SMES store energy in electric forms [3]  
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combination of distinct storage devices would be a suitable solution that covers a wide range of services, 
which enhances the capabilities of storage in grid applications. 

b) Questionnaire 
In order to perform such a survey identifying existing storage facilities and their applications across the 
interested regions, we sent out questionnaires to collect necessary information from all TSOs/DSO among 
our partners. The questionnaire is intended to collect relevant information to broadly estimate the existing 
electrical energy storage capacities and potentials in the transmission (distribution) networks of consortium 
regions, in which ESSs are deployed to increase the flexibility of operation of existing and future power 
systems. The questionnaires are divided into two parts:  

• The first part is related to the basic information about the capacities and services of existing storage 
technologies,  

• while the second part require more detailed explanations, comments and that from policy and 
economic aspects  

• Besides, the envisaged storage installations and applications are of interest in the survey. 

2.2 PENETRATION LEVELS OF RENEWABLE GENERATIONS IN SOUTH EAST EU CONSORITUM 
PARTNERS 

In the first part of the analysis, we intend to give an overview of the renewable power generations in the 
consortium region, as RES is one of the major forces driving the development of storage technologies. The 
collected information includes the maximum and minimum yearly demand and amount of renewable 
generation in respective networks. 

Figure 2 presents the maximum and minimum recorded demands of TSOs (DSO) associated with the 
penetration levels of renewables (represented in the ratio of the maximum daily network demands). 
According to Figure 2, Romania (Figure 2 h) and Greece (Figure 2 e) hold similar and higher scales of power 
demands among others. These maximum loads reach 9771MW (Greece) and 9480MW (Romania), as 
documented on 18:00 – 19:00, 1st September 2017 and 17:00 – 18:00, 19th December 2016, respectively. By 
contrast, the scales of the networks are smaller regarding the maximum loads in Macedonia and Montenegro.  

Among the listed renewable generations, i.e., wind, PV, hydro, biomass and cogeneration, hydro power is 
still the most mature renewable technology representing a large percentage of the renewable generation 
mix. This is not surprising since hydro technologies have been developed for decades. Some commissioned 
hydro power plants have been planned and operated for several decades in the regions. Most large HPP were 
built in between 1960 – 1980, such as the PSH Bajina Bašta in Serbia constructed between 1976-1983 [6], 
and the hydro plant development starts from 1950 in Greece. For example, in Bosnia and Herzegovina, the 
large HPPs accounts to 2095 MW, while small wind and PV installations exit in the network compared to the 
hydro power [8]. However, strict requirements on geographic terrains and locations of hydro power plants 
significantly limit their future development. Other forms of renewable generations are increasing their 
penetration in power networks, such as that in ESO’s (Figure 2b) and IPTO’s networks (Figure 2e). We also 
notice that in the distribution network of Greece (HEDNO), power generated from PV represented 
considerable parts (2384MW) in the energy mix, reaching 73% of the total renewable generation as shown 
in Figure 2c, and obviously the capacity of hydro power does exist in the distribution level.    
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Figure 2. Network demands and renewable generation mix in the regional networks 
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Figure 3. The combined records of maximum renewable generations in the consortium region  

 
Figure 3 further shows the combined maximum renewable generation at the consortium region. Apart from 
the hydro power, power generations from wind and PV are higher than those of Biomass and Cogeneration. 
Only IPTO has cogeneration in its renewable energy mix, with a capacity of 69MW.  

Wind and PV are the two main sources of emerging renewable technologies and they are also categorized as 
non-dispatchable renewable generations. The large-scale integration of such intermittent, non-dispatchable 
sources will pose challenges on the security and quality of power supply, influencing the steady-state and 
dynamic performance of the electric networks. For example, more reserve capacity is required with respect 
to frequency reliability in transmission level; in distribution level, the bidirectional power flows make the 
voltage profile less flat in different durations [7]. The negative impacts from non-dispatchable renewables 
should be properly deal with before their large-scale integration.   

Operation of non-dispatchable energy sources is a main challenge faced by the system operators. Figure 4 
shows the penetration levels of non-dispatchable renewable sources in the regional networks. The 
renewable penetrations of some counties have attained advanced levels, such as 45.08% in Romania (TRANS), 
49.25% in the transmission level of Greece (IPTO), 33.67% in the distribution level of Greece (HEDNO) and 
22.68% in Bulgaria (ESO). Conventional generations might be capable of providing enough headroom and 
response regarding the variations of renewable when the penetration is below certain level. However, as the 
penetration levels of renewables keep increasing, most system operators have to consider deploying new 
conventional generations with compatible capacities (e.g. 10% increase in wind penetration requires 
increased synchronous generator capacity, which is 2-4% of wind power capacity [7]) to accommodate the 
intermittency of renewables.  

The consortium counties in the project also show significant increases of non-dispatchable RES in recent years. 
According to the statistics in 2017, the non-dispatchable renewables constitutes large percentages of this 
increased capacity. Taking Greece as an example, the installed capacity of RES in 2017 is shared among PV 
(50%), wind (45%) and just a small share of hydro power plants (HPP) and biomass; the largest share of 
installed RES capacity in Bulgaria consists of PV installations (>50%) and the rest is shared among wind, hydro 
and biomass installations [8]. Under such circumstance, the storage technologies, especially those with small 
capacities distributed at the edges of networks, become a rather attractive solution to improve flexibility and 
security. Otherwise, the renewable generation might be curtailed due to congestion and stability issues, 
which reduce the chance of renewable energy exploitation. In most of the consortium countries, RES holds 
dispatch priority among other resources, so enough power reserves need to be provided by conventional 
generations in case of a sudden output decrease of the renewable plant.  

0 2000 4000 6000 8000 10000 12000 14000 16000

Wind

PV

Hydro

Biomass

Cogen

5703,911

3756,6

14431

194,5

46,5

Maximum recorded renewable generation (MW)



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 18 

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

 

 

Figure 4. Penetration levels of non-dispatchable renewable power (wind and PV) in percentage of 
peak loads 

2.3 STORAGE CAPABILITIES IN THE CONSORTIUM REGIONS 

As mentioned above, storage facilities are indispensable parts of power networks. The services provided by 
storage systems are crucial to maintain satisfied power supplies, especially when large-scale intermittent 
renewable generations are connected into the grids. This survey covers information of existing storage assets 
regarding their capacities, types, locations, voltage levels, charging/discharging patterns and applications in 
the networks. 

 

Figure 5. Capacity of total storage facilities to the peak demands of the networks 

 
According to Figure 5, several TSOs have access to large storage assets in their networks to provide flexibility. 
The capacities of storages range from 2.71% to 20.87% with respect to the peak loads in the respective 
networks, which the storage capacities are quite limited in Macedonia (MEPSO), Montenegro (CGES). The 
power and energy ratings of these storage assets are given in Table 1. Note that almost all of the storage 
capacities come from PSH, while only 7.5 MW (15 MWh) EVs exist in Croatian networks. It shows that Bosnia 
and Herzegovina holds large storage capacity but the penetrations of non-dispatchable renewables is 
relatively low (according to Figure 4), which indicates great capabilities of the network to accommodate extra 
amount of renewable generation.  

 

Table 1. Power rating and energy rating of storage in the consortium counties 
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Herzegovina 
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Power rating (MW) 933 240 +7.5 (EV) 571 440 680 

Energy rating (MWh) 10977 1200 +15 (EV)  3400 200000 

a) Pumped- storage hydroelectricity (PSH) plant 
Most of the storage capabilities listed in Figure 5 are existed in forms of PSH plants in the networks. PSH 
technologies have been developed for decades. It is still regarded as a main resource for balancing energy 
and services, e.g. power reserves (with considerable reserve capability) and balancing services (frequency 
response can be released in a short period). Detailed information about these PSH plants including their 
operational features are listed below:   

 

Table 2. Information of PSH plants in each of the consortium country 
Country/System 

Operator 
Power capacity Energy 

capacity 
Voltage level Charging 

time 
Discharging time Response time 

Bulgaria (ESO) 1054 MW (Gen) 
932 MW (Pump) 

10977 MWh Generation  
110-220kV 
and 400kV 

6-7 hours 
00:00 – 07:00 
12:00 – 17:00 

4-5 hours 
08:00 – 11:00 
18:00 – 23:00 

5 min (start-up) 
1 min (load 
following) 

Croatia (HOPS) 276 MW (Gen) 
240 MW (Pump) 

1200 MWh Transmission 
400 kV 

5 hours 
01:00 – 06:00 

3 hours 
18:00 – 23:00 

Less than 5 min 

Greece (IPTO) 571 MW  Generation 
400 kV 

Hours 
02:00 – 07:00 
15:00 – 17:00 

Minutes 
07:00 – 15:00 
17: 00 – 02:00 

Less than 15 min 

Serbia (EMS) 680 MW (Gen) 
560 MW (Pump) 

200000 MWh Transmission 
110 – 220 kV 

Hours 
23:00 – 06:00 
13:00 – 16:00 

Hours 
18:00- 22:00 
08:00 – 12:00 

15 min (not in 
operation) 
1 min (in 

operation) 

Bosnia and 
Herzegovina 

(NOSBiH) 

440 MW 3400 MWh Generation 
110 – 220 kV 

6 hours 
00:00 – 06:00 

4-8 hours 
14:00 – 18:00 
18:00 – 23:00 

15 min 

 
According to the collected information in Table 2, Bulgaria, Croatia, Greece, Serbia and Bosnia and 
Herzegovina operate PSH assets in their power networks as flexibility resources. Most of these large storage 
systems are deployed at the generation sites or at the transmission levels at 400kV or 110 – 220kV, 
dispatched and controlled by the system operators in a centralized manner. Charging and discharging of PSH 
normally takes hours. Charging happens after midnights when the system demands are low and discharging 
happens during peak hours. For example, the storage facilities store the energy from based load plants (e.g. 
nuclear plants) during night for later use during peak hours at morning and evening. Besides, the response 
of PSH can be fully deployed in less than 15 minutes in general, and as spinning reserve, such response can 
be extracted within 1 minute in case of network contingencies. These reserve capabilities are significant 
sources of frequency repose to balance the supplies and demands in real time. 

We notice that all of the counties in this survey have considerable hydro power in their renewable generation 
mix (Figure 3), but only parts of these hydro capabilities are used as storage facilities. For example, in 
Romanian network, the hydro power (5 pumped hydro power plants with a total capacity of 265MW) are 
used only in generation mode because the PHS operating in pumped mode cannot be fully remunerated (the 
current primary market prices in the region do not really cover the excess wear of the equipment when 
working in pumped mode). Within the same PSH facility, the power ratings of generation mode and pumping 
mode are also different. The units are operated at their maximum output in the pump mode at Bulgaria, 
because of the hydro-technological constraints. EMS also provides the information that pumping mode is 
dominant during the spring while generation mode is dominant during the winter in Serbia.  
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Croatia (HOPS): The storage assets in the network of Croatia are used for mFRR, the energy of which is 
released for load following of unpredicted RES ramps beyond daily loads, as well as voltage regulation and 
energy arbitrage. The full capacities of the storage (generator mode +276 MW and pump mode -240 MW) 
are used for these applications, except the only generator (-120MW), which can be used for ramping reserve 
in pump mode. The response of the storage facility can be extracted within 15 minutes, while the length of 
the response is up to 4 hours. A minimum storage capacity of 1 MW is required to provide these ancillary 
services in the market.  

c) Market participation 
Most of the PSHs are used for energy trading, which provides their capacities in the DAM and IDM. In these 
markets, the price of energy delivery is determined by the supplies and offers in the energy market. For 
example, the PSHs in Greece offers their capacities in the day-ahead market with the bidding price that 
cannot be less than a theoretical “variable cost”, which is calculated by the market operator every day for 
the following day. The variable cost is determined by an algorithm taking the water level, the “replacement 
cost” of fossil fuel and the time of the year into account. For example, the variable cost is nearly 0 when the 
water level is above the highest limit, while such cost is equal to the price cap (300 Euro/MWh) when the 
water is below the lowest permitted level. For levels of water between these two extreme situations, variable 
cost of the plant is somewhere between 0 and 300 Euro/MWh. When the pump storage plants want to 
withdraw power from the system for pumping, the plant behaves as a supplier and declares the capacity 
needed and desired price.  

In Bulgaria, the storage can be traded in DAM and IDM. The price depends on the owner’s decision and 
market equilibrium result. The untraded storage capacity is used as reserve and traded in balancing market. 
Providing balancing energy is rewarded according to the base load price of the Independent Bulgarian Energy 
Exchange (IBEX) day-ahead market. The price for balancing energy, released through frequency response, is 
the same for all types of reserves provided by storage.  

In Croatia, storage power plants (with special treatment in law) can buy and sell energy (energy market out 
of TSO) on energy wholesale market (power exchange or bilateral), as a market party. As a pump storage 
plant, individually or as a part of larger portfolio could provide reserve power as well as balancing energy (on 
request of TSO). So, the capacity of storage should be integrated in existing market structure. Reserve power 
is contracted on a yearly basis with a price determined separately per ancillary service (aFRR, mFRR, voltage, 
black start, Island operations). The secondary reserve is paid by TSO, while primary reserve is obligatory on 
a level which is determined on a yearly basis for the entire synchronous area (+/- 3000 MW in a range +/- 
200 mHZ). The obligatory participations in primary reserve and AGC also apply to other large HPP. Frequency 
response is not paid additionally. Balancing energy is accounted and settled based on contracted energy price 
(depends on power exchange price multiplied by some factor). Currently prices are defined by methodologies 
but HOPS is working in order to open a market. 

d) Distributed storage 
The value of energy storage depends on its location in the power network. As given in [10], the economic 
values increase as approaches the edge of the grid and customer loads with considerable volatility, where 
economic benefits accrue to both utilities and end users. Compared to bulk energy storage, distributed 
storage has proven its value for providing more flexibility to the grid. Current practices include to install 
distributed storage with renewables to support their integration. However, the capability of distributed 
storage is not limited to offer synergy with renewable generations, the functions in supporting the grids 
should be emphasized.  

According to the questionnaire, distributed storage technologies are not widely established in the regions 
and still under development. Most of the TSOs have experience operating large PSH but lack experience for 
small and distributed storage assets. In the power network of Croatia, only 0.0025MW residential storage 
devices are connected at the 400V level. According to the Greek distribution operator (HEDNO), residential 
battery energy storage systems will be available in the distribution network at 400V level on the Kythons 
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Island. There are total five storage systems with the capacity of 0.0025MW/0.006MWh for each unit. 
However, the applications of these distributed storages are quite limited. Currently, they are only allowed to 
be installed from prosumers, who produce and consume electricity in the meanwhile and get net metering 
contracts as well as in cases of hybrid power stations, which are operated at non-interconnected Islands.  

In additional to the battery storage, electric vehicles (EV) are regarded as another type of distributed storages 
that exists in the regional networks. The market share of EVs increased significantly in recent years, as EVs 
are deemed as an alternative form of transportation based on fossil fuel, and pushed by governments around 
the world (e.g. Croatia: 1.5 – 7.5 MW, Romania: 2811 units including 514 electric vehicles and 2297 hybrid 
vehicles), but no services can be provided by these electric vehicles yet.   

e) Envisaged storage installation 
A few TSOs plan to expand the capacities of PSH plants in the near future. Plans regarding distributed storage 
installation are not concrete from most TSOs’ perspectives. The concept of aggregations for small-scale 
storage devices are still being demonstrated by ongoing projects in national levels, with the aims of 
investigating potentials and attracting investment. In Greece, the Ministry of Energy published the medium-
term National Energy Plan that expects additional 700 MW of storage plants to be installed until 2030, but 
the plan does not provide any estimation on the future storage mix. In countries lacking large-scale storage 
facilities, the requirements on PSH installation seems to be urgent: In Romania, there is an ongoing project 
for building the PSH plant Tarnita-Lapustesti, with 1000 MW installed capacity, and additional storage 
capacities are also planned to introduce in two wind power plants [8]; Macedonia also envisaged 333 MW 
PSH installation in their networks.  

Although Serbia has a relatively small share of renewable sources with still unclear plans for future expansion, 
Public Enterprise Electric Power Industry of Serbia (PE EPS) in its long-term plans has the construction of PSH 
Bistrica in addition to the existing PSH Bajina Bašta. The reason for the construction of this PSH lays in the 
fact that significant construction of intermittent renewable sources is foreseen in the region and Serbia is 
centrally positioned with strong interconnections to the neighbouring countries. Considering the fact that in 
Europe there is a tendency for the formation of a single electricity market and that there is a growing 
correlation in electricity prices on markets across Europe, for assessing the potential of PSH is perhaps even 
more important to consider investment plans for the development of production capacities at the regional 
level (and even Europe) than inside the country. With an increasing share of intermittent production in the 
energy mix, seasonal variations in the price of electricity are increasing, and there is a growing need for large 
storage capacities. Based on the existing technical documentation, energy storage capacity of PSH Bistrica 
will be approx. 60 GWh and with installed power680MW (4x170MW) It is worth mentioning, that upstream 
from the potential PSH Bistrica exists two power plants Uvac and Kokin Brod with huge energy storages, 
approx. about 300GWh at head of PSH Bistrica.  Such plant could play significant role in covering peak loads 
and providing balancing and ancillary services to the Serbian and other regional power systems. 

Among the distributed storage technologies, electrical vehicles show increased potential in the future energy 
mix. According to the statistics provided by Romania, the share of electric and hybrid cars in total new car 
sales reached 2.2% in 2017, reaching 2811 units, which is an increase of 136.7% compared to the previous 
year, and there are already approximately 150 charging stations in Romania.  

Detailed information regarding the envisaged storage capacities in the region are given in  

Table 4.  

 

Table 4. Envisaged storage capacities in the region 

System 
Operator 

PSH EV Battery 

ESO Expansion of the lower reservoir   

HOPS 1140 MW/-991 MW 105-525 MW  
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HEDNO  66 MW  

MEPSO 333 MW 37 – 81 MW 50 – 100 MW 

TRANS 1265 MW   

EMS 625 MW   

 
It is noted that most of these counties have plans to expand the capacities of PSH to participate in the related 
services in the existing power networks. Considering the expected increase of EVs due to the demands on 
sustainable transportation, additional attentions should be paid since charging a large amount of EVs might 
coincide with the duration of peak demands at nights. As a result, the distribution network might face security 
issues in terms of voltage levels and transformer ratings [11]. Additional measures are required to achieve 
effective EV charging, such as shifting their charging period to midnight.  

By contrast, the expected installation of other types of distributed storage (e.g. batteries) is relatively limited, 
and the services they can provide to the networks are still unclear.  Figure 6 shows the TSO’s ideas about the 
desired services of bulk and distributed storages in the future. 

 

 

Figure 6. Preferred services from storage technologies for TSOs 

f) Policy constraints 
In spite of the rapid integration of renewable power generations, the development of storage technologies 
is still lagging, especially for distributed storage at distribution levels. Most of the system operators agree 
that the lack of regulation frameworks is a main obstacle preventing large-scale storage applications. In most 
counties, the PSH plants are mainly used in energy trading. For example, in Greek network the PSH units 
cannot be used to storage the excess of RES production due to the lack of regulation frameworks. The storage 
facilities can only participate in the market as a supplier (charging mode) or a producer (discharging mode) 
for energy trading purposes. In Croatia and Bulgaria, PSH units can provide ancillary services in terms of active 
power reserves, frequency and voltage regulations. Every transmission network user with power rating above 
1 MW can participate in ancillary service provision according to HOPS. The storage can participate in 
balancing market in Bulgaria, but TSOs and DSOs are not allowed to own storage assets. The connection rules 
related to storage are to be changed in near future in Bulgaria and Romania. In Greece, storage is mentioned 
only as part of hybrid RES plants in non-connected Islands [8].  

One of the issues is that regulation doesn’t recognize storage as transmission network assets, and there is no 
clear definition of their rights and obligations as market participants. Without such a framework, centralized 
or distributed storage cannot participate in balancing markets or provide ancillary services to the grids. Even 
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with slight modifications for legislation that enables storages’ participation in the ancillary service market, as 
argued by NOSBiH, there are still no clear results indicating the economic strength of such installation 
considering the high cost of storage devices itself. Perhaps the integration of renewable energy sources 
further complicates the evaluations on their benefits [2]. The difficulty of justifying the risk of such 
investment limits and postpones most projects related to distributed storage. 

However, ESO, NOSBiH and HOPS propose solutions enabling participation of distributed storage in grid 
operations. Technical requirements need to be identified first and incorporate into the national codes. 
Infrastructures need to be established to achieve effective controls and communications among storage 
devices. Distributed storage assets, properly aggregated in clusters with minimum capacity of 5 MW 
(proposed by NOSBiH), can be tied to the current markets, biding through TSO directly or TSO-DSO 
communication. Special policy treatments might be given to incentive the applications of distributed storage. 
Also, appropriate rules need to be designed by storage aggregators, in order to split profits and penalties 
among its members. 
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3 AN OVERVIEW OF EXISTING AVAILABILITY AND USE OF DISTRIBUTED STORAGE 
TECHNOLOGIES AT PAN EUROPEAN LEVEL [12] 

There are several distributed energy storage technologies at regional and pan European level for the 
provision of different types of services to transmission and distribution networks, specifically for the 
improvement of cross-border transfers, as well as voltage and frequency regulation, such as hydrogen fuel 
cells, pumped hydro, compressed air, batteries, flywheels, supercapacitors and superconductors. From a 
broader view, these technologies can be separated into electrochemical, thermal, mechanical, chemical, 
electromagnetic and hybrid storage technologies. Compared to other storage technologies aiming at 
different purposes apart from grid services, each system features different characteristics, advantages and 
disadvantages and corresponds to a certain maturity level as illustrated in Figure 7: 

  

Figure 7. Maturity of energy storage technologies [13] 

PSH is the most mature technology and has been widely deployed for decades. Thermal storage systems as 
well as CAES systems are already deployed and commercialised as well, but the total installed capacities are 
relatively low due to low efficiencies, geographical constraints and specific requirements concerning the 
storage medium and economics. 

Decentralised small and medium-scale energy storage solutions are gaining importance, where different 
electrochemical and thermal energy storage systems, such as residential hot water heaters with storage, play 
a major role reducing peak demand to the grid. 

Regarding electrochemical battery Lithium-based battery storage systems are one of the most promising 
technologies. Especially in small-scale residential storage systems, Lithium-Ion technology is mostly deployed 
today, although Lead-Acid was the dominant technology a couple of years ago. The reason for that is the 
advancement of Lithium-Ion technology in recent years which included the energy density increase and cost 
decrease by 50%. In addition, Lithium-based battery storage systems feature an excellent cycle stability of 
up to 15,000 cycles. Several studies expect that the cost of Lithium-based battery storage systems will further 
decrease and will be partly superior to other technologies. Not only the price but also the flexibility of battery 
storage systems is competitive since they can be deployed in different grid levels and thus cover a wide range 
of applications. 

Electromagnetic storage systems such as Supercapacitors (or Ultracapacitors) and SMES as well as 
mechanical flywheel storage systems are designed for short discharge times and thus are not suited for 
services which require a minimum of storage capacity. Moreover, the self-discharge rate of such systems is 
rather high. However, when combined with other storage technologies in the so-called hybrid storage system 
concept, high-performance short-term storage systems can provide peak power leading to an optimized 
operational profile and overall lifetime. The following table illustrates a summary of existing energy storage 
technologies and their most important characteristics: 
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Table 5. Overview of the characteristics of energy storage systems [14] 
 Technology Energy density Capacity Power Efficiency Costs Cycles/Lifetime 

Electroche
mical 
batteries 

Lead Acid ~30Wh/kg 0.25-50MWh <100MW 85-90% ~380€/kWh 1500 

Lithium Ion 90-270Wh/kg 0.25-100MWh 0-100MW 85-95% 200-400€/kWh Up to 15000 

NaS  

Sodium Sulphide 

103-116Wh/kg <300MWh 50kW-8MW >85% 300-500$/kWh 2500 

NiCd  

Nickel Cadmium 

40-60Wh/kg   <85% 563-1120 €/kWh 3000 

NiMH Nickel-Metal 
Hydride 

55-100Wh/kg   70-85% ~250$/kWh 1000 

Vanadium Redox-Flow ~25Wh/kg <250MWh 30kW-3MW ~85% 500-700€/kWh 10000-16000 

Mechanical PSH 

Pumped Hydroelectric 
Energy Storage 

0.5-1.5Wh/kg  100-5,000MW 65-87% 5-100$/kWh 40-60 years 

CAES 

compressed air energy 
storage 

30-60Wh/kg  5-300MW 50-89% 2-50$/kWh 20-60 years 

FES 

Flywheel Energy Storage 

 3.3-25kWh  90-95% 250-350€/kWh 20000+ 

GES 

Gravity Energy Storage 

 20000MWh 40-3000MW 75-86% 1,000€/kWh 15000 

LAES 

Liquid Air Energy Storage 

97Wh/kg 1000MWh  50-70% 1,000€/kWh 22000 

Chemical - 
Fuel cells 

HFC 

Hydrogen fuel cells 

  0.1-1000kW 30-70%   

DMFC 

Direct-methanol fuel 
cells 

  100-1000kW 20-30% 1000$/kWh  

DEFC 

Direct-ethanol fuel cells 

  100-1000kW 20-30% 1000$/kWh  

MCFC 

Molten carbonate fuel 
cells 

  100-300kW 50-60%  4 years 

SOFC 

Solid oxide fuel cell 

  0.5-100kW 50-60%   

Electrical Supercapacitor  8kWh  96% 350€/kWh 1000000 

SMES 

Superconducting 
Magnetic Energy Storage 

 20MWh  >95% 1000-10000€/kWh 100.000+ 

3.1 CLASSIFICATION AND TYPES OF STORAGE SYSTEMS 

Each storage category features several sub-technologies, which again differ in the used material 
compositions like in the case of electrochemical storage systems or in the functional principle, e.g. the 
pumping of water into a reservoir or the compression of air. Besides the functional principle the storage 
duration is another important characteristic. Some technologies are used for short-term storage (minutes to 
hours) and some are used for long-term storage (days or even weeks). Further important characteristics 
include the efficiency, the lifetime and the costs. 
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a) Electrochemical energy storage systems 
The electrochemical energy storage system is a technology where the chemical energy contained in the active 
material is converted directly into electrical energy. The chasing of the electrochemical energy storage 
system is called battery and consists of two or more electrochemical cells. 

Functional principle 

The functional principle of an electrochemical storage system is based on the conversion of chemical energy 
into electrical energy. Any chemical reaction, which can liberate an electron and so create an electrical 
current, can theoretically be used in that kind of technology. The association of a cathode and an anode 
represents one cell of a battery. Each cell has a fixed voltage and capacity (depending on the weight of the 
cell). If the cells are associated in parallel, then the capacity of the overall battery is doubled. On the other 
hand, if two cells are put in series, then the voltage of the overall battery is doubled. 

Depending on the previous behaviour of the battery, it is possible to set the overall voltage and overall 
capacity of the battery. Each couple of material has specific properties on voltage and capacity which will 
define the size and weight of the battery. Different examples are shown on Table 6. The number of 
dischargeable cycles is also specific to each material composition and will define the life duration of the 
battery. 

 

Table 6. Values of different battery cells [16] 

Elements Cell voltage (V) 
Average specific capacity 
(Wh/kg) 

Lifespan (cycles)  

Ni-Cd 1.2 40-55 1500 

Ni-MH 1.2 70-100 700 

Ni-Zn 1.65 70-80 1000 

Li-ion 3.6 90-400 500-700 

Li-Po 3.75 100-200 300-500 

 

Characteristics and constraints 

On the market there are several types of battery storage systems which feature different types of batteries 
and converters inside. In order to charge battery storage systems, the energy from generators such as PV has 
to be transferred to the battery. With the transfer of the energy along the path PV to battery (PV2Bat) 
conversion losses arise. By analysing the efficiency of different battery storage systems, larger differences 
can be observed. It’s also observable that the efficiency depends on the nominal power. Whereas the best 
system features an efficiency of 92-93% over the full power range, other systems reach efficiencies even 
below 85% at certain points [17]. For the operation of a battery storage system the efficiency curve is an 
important characteristic. The operation strategy should be constructed in a way that the battery storage 
system is operated in the most efficient operation point as often as possible.  

In Figure 8 the overall efficiency of different electrochemical storage systems during a long period are 
illustrated against years. The worst one has in the end an efficiency of 77% and the best one 96%. This is a 
huge span. The manufacturer of the storage systems aren´t known but the study says that Lithium Ion 
batteries have a higher efficiency than Lead Acid batteries. But there are also differences within the Lithium 
Ion cell technology [17]. 
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Figure 8 Efficiency of different battery storage systems measured over a long-term period [17] 

Looking at the advantages and disadvantages of electrochemical storage technology there are differences 
among the diverse types as we can see in Table 3. The table consists of the most relevant types of battery 
systems. 

 

Table 7. Technologies comparative assessment [19] 
Electrochemical Storage 
Technology 

Advantages Constraints 

Lead Acid Power density for stationary applications 

Complex cell management is not necessary 

Can be implemented in large scale storage 

Limited cycle life 

Need a ventilation system 

Charging and discharging ability are not symmetrical 

Vanadium Redox- Flow Quick responses 

Discharge duration time up to 24+ hours 

High efficiencies (up to 85%) 

Low electrolyte stability and solubility leading to low quality of 
energy density 

Relatively high operating cost 

Lithium Ion High cycle efficiencies 

Small dimension, light weight 

Good response time 

Have an inherit risk of fire, heat generation and thermal 
runaway 

Need a voltage balance 

Need a proper thermal management 

NaS Highly energy efficient 

Non-toxic and high materials recyclability 

Higher rated capacity than other types of batteries 

High annual operating cost 

The chemical reactions require a temperature of 574–624 K to 
ensure the electrodes are in liquid states 

Suitable only for large-scale stationary applications 

Metal Air Can meet the requirements of the whole range of 
applications 

Shape of the electrode changes during charge/discharge cycles 

NiCd High robust reliabilities 

Low maintenance requirements 

Performing well in a large low-temperature range 
(233-253K) 

Toxic heavy metals 

The maximum capacity can be dramatically decreased if the 
battery is repeatedly recharged after being only partially 
discharged 

 
The Lithium Ion technology has the highest energy density and a good efficiency. That’s why it is the preferred 
technology in stationary and automotive applications. The efficiency of a Lead Acid battery is almost as high 
as Lithium Ion; however, the energy density is the lowest and the cycle stability is limited. Therefore, Lead 
Acid is replaced by the newer technologies such as Lithium Ion in many applications. NaS cells need very high 
temperatures to operate, so they have high capital costs which make it less attractive for operators. There 
are also NiCd batteries which feature a comparable performance to Lead Acid but at a much higher price. 
The Vanadium Redox-Flow batteries have a very high amount of charging and discharging cycles, making 
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energy sources and produce electricity on demand. However, thermochemical storage systems are still the 
least developed, requiring complex reactor designs to achieve the desired operational performance. 

Characteristics and constraints 

Table 4 shows the advantages and constraints of thermal storage systems. While there are residential 
thermal storage systems in existence throughout the world, there is not a high level of commercialization. 
On the other hand, the latent heat storage is not very common yet as they are still in a research and 
development phase.  

 

Table 8. Technologies comparative assessment [20] [14] 
Thermal Storage Advantages Constraints 

Sensible heat storage The storage material can be technically any material. Water 
is a common due to low cost 

The thermal conductivity of the material does not limit its 
heat storage capability 

Stratifying devices can increase the thermal efficiency of the 
heating system 

Gases are not commonly used as their volume changes 
significantly with temperature 

The amount of heat that can be stored in a material 
depends on the amount of material  

The amount of sensible heat that can be stored is limited 
by the phase change temperature 

Latent heat storage There can be liquid-solid, liquid-gas, and solid-solid phase 
transitions 

There are several materials that can be used as PCMs 

Need of special materials which are known as Phase 
Change Materials (PCM) 

Phase change temperatures must be above the heating 
load temperature and below the heat source 
temperature 

Thermochemical heat 
storage 

There is no thermal loss during storage as products can be 
stored at ambient temperature 

The energy density of the storage materials are 5 to 10 times 
higher than latent and sensible heat storage systems 

Technology is still mainly in the research and 
development phase 

 

c) Other storage technologies 
Other energy storage technologies to consider are: mechanical, chemical and electromagnetic storage. 

Any energy storage technology comprises several steps to achieve the characteristics appropriate for the 
discharge into the grid. There is a wealth of information about operation principles, technical details and 
energetic conversions levels of each technology in the scientific literature [27][28][29][30]. 

Mechanical storage 

This energy storage system is based on electromechanical storage systems that convert electrical energy into 
energy forms that are easier to store. The following technologies are included: flywheels, hydropower, 
gravitational, compressed air, liquid piston and liquid air. 

Functional principles 

Flywheel Energy Storage (FES) [31]: The storage principle is based on a rotating element capable to store 
kinetic energy. The flywheel continues its movement by inertia when ceases the torque that moves it due to 
almost null friction that is achieved with the magnetic bearings. The amount of energy that can be stored 
depends on its mass, its geometry and, above all, the speed at which it can rotate. 

PSH [31]: This technology stores energy in the form of gravitational potential energy from water, pumped 
from a lower lift tank to a higher lift. This is the most mature and widely used technology. 

Gravity Energy Storage (GES) [31]: This technology is based on energy charge/discharge by raising/lowering 
a large solid mass with or without the support of fluids. 

CAES [31]: This technology compresses the air and stores it in a tank or in underground conduits and cavities. 
To recover the stored energy the gas expands in a turbine. 
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Liquid- Piston Energy Storage (LPES) [31]: It consists of an adaptation of CAES and it is also known as ALP-
CAES. In this case, the compression is carried out with the support of a liquid which is used to improve the 
heat storage associated with the compression, keeping the liquid in adiabatic conditions. 

Liquid Air Energy Storage (LAES) [32]: LAES is sometimes referred to as cryogenic energy storage (CES). The 
word "cryogenic" refers to the production of very low temperatures. It is a very recent technology that uses 
liquid air to create a reserve of energy that can be stored on a large scale for an extended period of time [33]. 
LAES is based on liquefaction and air separation to produce nitrogen or oxygen for industrial use. The liquid 
air is stored in isolated tanks without any additional energy expense. When evaporated and gasified again, 
the increase in pressure and volume is used to drive turbines that inject power to the grid. 

Characteristics and constraints 

The technology readiness level (TRL) for the case of mechanical storage is variable, since it depends on the 
technology used. On one hand, FES’ TRL would be 9 [34] because it is a technology that has been tested 
successfully in real environment and it is commercially available. On the other hand, GES is in the concept 
stage and there are small scale prototypes with a very low TRL. 

 

Table 9. Technologies comparative assessment 
Mechanical Storage 
Technology 

 Advantages Constraints 

FES Very environment friendly system 

Fast response speed, limited discharge time and no degradation with the 
number of cycles 

Low maintenance cost, high cycle life, high efficiency [31] 

Friction losses affect long-term energy 
storage efficiency [31] 

High costs [35] 

GES Feasibility of installation at any location (no reservoir is required unlike 
reversible hydroelectric storage) 

Low maintenance 

High efficiency 

Large gap in dimensions or large 
masses are required to store a 
considerable energy amount 

LPES Unlimited cycle availability 

Low maintenance 

Overload not possible due to relief valves 

Low energy density 

Low efficiency 

LAES It has no geographical restrictions 

Low cost 

Duty life + 25 years 

Scalable at 100 MWs / GWhs 

Ready-made components available from a large value chain 

No usage of limited or toxic materials 

Low efficiency (40 – 70%) 

PSH Mature technology 

High energy content 

High lifetime 

Geographical constraints 

Comparable low efficiency 

Environmental impact 

 
As the main advantage of mechanical storage, it is possible to emphasize the life time of the various 
technologies, which is higher than other storage systems, as it is determined by the life of mechanical 
components. A comparative assessment of mechanical storage technologies is presented in Table 5. 

Considering FES characteristic parameters, these indicate high efficiency (85-95%) performance [27] [31] 
[34]. FES supports several hundred thousand charging/discharging full cycles [27] together with the absence 
of degradation. The size and storage capability relation is around 30-600 W/Kg and 10-80 Wh/Kg [36]. It 
should be noted that FES main applications are high power (5 to 10 times that of a battery), quick response 
(around 4 ms) and short duration (to provide a 15 seconds backup time or to act as a bridge to connect 



 

 

D7.1 Analysis on distributed energy storage technologies in networks with RES 32 

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

 

another source) [27]. FES need low maintenance, have a short recharge time, allow full discharge, have high 
efficiency and losses no more than 2-5% nominal power per hour operating in standby [37][37]. FES has a 
high capital cost (1000-5000 €/kWh) [21] [39], but very low cost per cycle 0.033-0.25 €/kWh. 

GES systems have not reached fully commercial product phase in applications to electrical grids yet. Although 
there are several started projects and finalized prototypes, this technology is not deployed on a large scale 
yet. The power managed by the GES in the different projects is diverse, ranging from 11 kW to around 3 GW 
[40][41][42][42]. According to the efficiency parameter, this also varies according to the analysed prototype. 
It is a technology that does not cause great environmental impact due to contamination, although it requires 
civil works and this can lead into environment modification. Once installed it is a clean way to store energy 
[40]. 

Otherwise, LAES systems are based on a recent technology that combines gas and electric industry mature 
components. This technology can offer large-scale storage without geographic restrictions. Power ranges 
from 5 MW / 20 MWh to 100MW / 1000MWh. In relation to efficiency features, lower values are indicated 
than for inertial and gravitational flywheel technologies, around 70%. With regard to the response time, it is 
slower than the previous ones (less than 20 minutes if the liquefier is cold and around 2 hours or more if the 
liquefier has not been recently operated). 

d) Chemical storage 
It is based on energy stored by chemical reagents. When the energy is extracted from the battery, this energy 
changes from chemistry to electrical directly by electron flow through a medium permeable to the movement 
of these. The following technologies are included: Hydrogen fuel cells (HFC), Direct-methanol fuel cells 
(DMFC), Molten carbonate fuel cells (MCFC), Solid oxide fuel cell (SOFC) and Direct-ethanol fuel cells (DEFC).  

Functional principles 

The fuel cells - at grid level - are the typical typology to the chemical storage systems. Fuel cells are the 
elements in which the electrochemical fuel is converted into electrical energy without the need of 
combustion. Hydrogen is not the only fuel that can be used. Methanol, ethanol or methane can also be used 
and are afterwards converted to hydrogen and carbon monoxide. 

They are formed by two electrodes separated by an electrolyte, which allows ions passage but not electrons. 
At the negative electrode (anode), the fuel oxidation occurs while at the positive (cathode) the oxygen 
reduction of the air takes place. The fuel cells main feature is that it needs to be fed by an external tank to 
generate energy, such as it occurs in combustion engines, and the products resulting from the reaction exit 
outwardly [29]. 

All these technologies can be used to produce electricity, but only hydrogen batteries are reversible. This 
means that hydrogen batteries can generate their own fuel using grid power, together with the product 
resulting from the reactions (water). In addition, SOFCs and MCFCs have a high operational temperature, 
meaning that they need an auxiliary heating system. These heating systems can be used as cogeneration 
systems. However, the time required to reach operational temperatures is high, but the technology has not 
matured yet. 

Characteristics and constraints 

As mentioned before, the advantage of hydrogen is that it can be produced using electricity by the process 
of water electrolysis. These batteries are based on their reversibility to obtain electrical energy. 

Regarding the environment, these technologies have a great advantage over other storage systems since the 
resulting products are water or oxygen (if used in reversible mode). However, it must be warned that there 
is great risk when manipulating gases (hydrogen risks are noted as such in Seveso III EU directive) [44]. 

The response time is high in comparison to other storage technologies. This characteristic is a barrier of 
chemical storage technologies functionality as distribution system stabilizer. Currently, one disadvantage of 
chemical storage systems is the relative low efficiency for electrical power conversion. The cell membranes 
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power application that requires an energy storage of high response time, low installation and maintenance 
costs, and small energy storage capacity. 

SMES are very well suited to high power short duration applications due to its very high cycling capacity and 
high efficiency over short time periods. SMES technology can be applied when large powers have to be 
compensated in response times of the order of seconds or milliseconds. SMES are used in many voltage 
stability and power quality applications. As SMES store electrical current, the only conversion involved in the 
process is the conversion from AC to DC, so that efficiencies are very high. SMES can switch from full discharge 
to full charge very quickly and it has negligible deterioration due to cycling. 

On-site SMES are suitable to mitigate the negative impacts of renewable energy in power quality related 
issues, especially with power converters – needed for solar photovoltaic and some wind farms – wind power 
oscillations and flicker. 

SMES exhibits a very high energy storage efficiency (typically >97%) and a rapid response (within a few 
milliseconds) in comparison with other energy storage systems, but only for short periods of time. The energy 
output of an SMES system is much less dependent on the discharge rate compared with batteries. It also has 
a high cycle life and, as a result, is suitable for applications that require constant, full cycling and continuous 
operation mode. These features make SMES suitable for solving voltage stability and power quality problems 
in large industrial customers. The typical rating is 1-10 MW with a typical storage time of seconds. Research 
is being conducted on larger SMES systems in the range of 10–100 MW and with a storage time of minutes. 

The major problems confronting the implementation of SMES units are the high required cost of the cooling 
units which use either liquid helium at 4.2 K or super-fluid helium at 1.8 K. In addition, environmental issues 
associated with strong magnetic field should be considered. SMES has a high self-discharge rate due to the 
energy expenditure of cooling via cryogenic liquid and mechanical stability problems. The TRL for the case of 
electrical storage in particular with SMES technology is valued at 7. 

Supercapacitors operational cost range is around 180-350 €/MWh and the investment cost range is 2200-
4200 €/kW. In the SMES case the operational cost is approximately 900 €/MWh and investment cost is 
around 900 €/kW [46] [13]. In addition, according to [48], this technology offers advantages such as high-
power density, low carbon footprint and significantly lower costs than batteries for high power applications 
and several seconds. As for SMES technology, it has a high initial cost [29] that reduces it to applications 
where its energy density justifies the huge investment to be made. 

 

Table 11. Characteristic parameters of electrical storage systems [27] [49] 
Parameter Supercapacitors SMES 

TRL 7-8 7 

Power range 1 MW 40 MW 

Capacity 8 kWh 20 MWh 

Efficiency 96 % >95% 

Lifespan 15 years +20 years 

Charging / discharging cycles 1.000.000+ unlimited 

Response speed inherent milliseconds very fast 

Size 
33m2  

(Prototype in maritime container) 
 

Scalability and Modularity 
It is scalable based on number of batteries and 
supercapacitors 

Custom design 

Energy system losses 
small loss 

(power electronics) 

small loss 

(power electronics) 
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the system to local supply disruptions, keep up reliability in the presence of increasingly use of distributed 
energy resources (DER) and secure quality service requirements (Power Quality) which classical power 
transmission and distribution (T&D) systems could not possible ensure.  

Experimental studies demonstrate that HESS can successfully provide several functions (suppression of 
voltage, current, and frequency disturbances in the grid; compensation of reactive power in the circuit; 
uninterrupted power supply), in comparison with battery storage system without another ESS. The 
researchers expect that HESS will prolong the lifetime of batteries and thus increase the lifetime and 
reliability of the entire system. [51] 

3.2 ADVANTAGES AND DISADVANTAGES OF DIFFERENT STORAGE TECHNOLOGIES  

Energy storage is the capture of energy produced at one time for use at a later time. A device that stores 
energy is sometimes called an accumulator or battery. Energy comes in multiple forms including radiation, 
chemical, gravitational potential, electrical potential, electricity, elevated temperature, latent heat, and 
kinetic. Energy storage involves converting energy from forms that are difficult to store to more conveniently 
or economically storable forms. Bulk energy storage is currently dominated by hydroelectric dams, both 
conventional and pumped. In addition, most new storage technologies are designed to contribute to low-
carbon electricity systems. 

Numerous energy storage technologies are under development, with a wide range of characteristics that 
make them suitable for different roles in the energy system, [52]. Many of these technologies are shown in 
Table 12 [83]. 

 

Table 12. List of Energy Storage Technologies [83] 

 

 
Details of current commercial, utility-scale energy storage technologies and their advantages and 
disadvantages are given as follows: 

a) Pumped hydropower storage 
The technology of choice today is the pumped-storage power plant. In any excess power supply, water is 
electrically pumped into a reservoir on a hill, so that it can be discharged when power demand is high to drive 
a turbine in the valley downstream. 

As part of PSH, pumped hydro plants, so far, are considered to be the only possible way to store energy in a 
huge amount while maintaining a high efficiency and being economical as well and have about 98% share of 
total global storage predominant in today’s grid. The first plants of this type were built in Switzerland and 
Italy in the 1890s, making the concept over a hundred years old, [53]. 

The general formula for the power output is: 
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