
 

 

 

 

© 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: 

D7.3 CROSSBOW Virtual Storage Plant Framework Development 2.0 

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*: 

M31 (5/2020)  D-CO 

Responsible: Organisation: Contributing WP: 

Alessandra Parisio UNIMAN WP7 

Authors (organisation): 

Xiao Wang (UNIMAN), Tianqiao Zhao (UNIMAN), Alessandra Parisio (UNIMAN), Dimitrios Papadaskalopoulos (ICCS), 
Athanasios Botsis (ICCS), Ioannis Vlachos (ICCS), Aris Dimeas (ICCS), Daniel Rayo (COBRA), Rubén de Arriba (COBRA), 
aŀǘŜƧ YǊǇŀƴ ό¦bL½DύΣ bŜƴŀŘ 5ŜōǊŜŎƛƴ ό¦bL½DύΣ aƛǊƴŀ DǊȌŀƴƛŏ ό¦bL½DύΣ IǊǾƻƧŜ tŀƴŘȌƛŏ ό¦bL½DύΣ 5ŀǾƻǊ DǊƎƛŏ 
(UNIZG), Luis Viguer Torres (ETRA), Roti Sofia (PPC), Varthalis Anastasios (PPC), Anastasiadis Anestis (PPC), Lucas 
Pons Bayarri (ETRA), Petar Krstevski (UKIM), Stefan Borozan (UKIM), Aleksandra Krkoleva Mateska (UKIM), Vesna 
Borozan (UKIM), Rubin Taleski (UKIM), Hrvoje Keko (KONCAR), WŜƭŜƴŀ aƛƘŀƧƭƻǾƛŏ όYhb/!wύΣ Stjepaƴ {ǳőƛŏ (KONCAR), 
WŀƪƻǾ YǊǎǘǳƭƻǾƛŏ hǇŀǊŀ όYhb/!wύΣ {ƛƴƛǑŀ {Ŝƪǳƭƛŏ όYhb/!wύ,  Stefan Meir (VARTA), Ivan Mandalinic (VARTA). 

Abstract: 

This report describes the first version of the VSP framework together with the functionalities defined in the HLU 5, 
which will demonstrate the potential ancillary services and opportunities for participating into balancing market 
afforded by the VSP framework. The VSP architecture and functionalities are addressed in a formal way in this 
deliverable. Feasible control solutions for VSP distributed storage systems are obtained, which guarantees the 
required cross-border power transfer and desired voltage and frequency supports. Based on the presented 
concepts, the VSP framework to be implemented and tested in the HLU 5 is illustrated, along with the 
demonstration setup based on the physical network in the SGLab laboratory environment at UNIZG. 

Keywords: 

D7.3, CROSSBOW, VSP, Distribute Energy Storage, Ancillary Services 

http://crossbowproject.eu/


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

 

 

D7.3 VSP framework development 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Revision History 

 

 

 

 

 

This project has received funding from the 

European Unionôs Horizon 2020 Research and Innovation Programme  

under Grant Agreement ˉ 773430. 

More information available at https://crossbowproject.eu 

 

 

 

 

 

 

 

 

 

 

 

Revision Date Description Author (Organisation) 

V0.1 21.11.2019. Table of Contents UNIMAN 

V0.2 25.11.2019 First Contributions UNIMAN, COBRA, UNIZG, UKIM, 
PPC, ICCS 

V0.3 29.11.2019 First Contribution ETRA, KONCAR 

V0.4 02.12.2019 Revise UNIMAN, UKIM, COBRA 

V0.5 03.12.2019 First Contribution VARTA, KONCAR 

V0.6 06.12.2019 Revise  UNIMAN 

V0.7 17.12.2019 Revise EPS, PPC 

V1.1 16.05.2020 Contributions for the second prototype ICCS, UNIMAN, KONCAR, ETRA 

V1.2 25.05.2020 Revise EMS, EPS, UKIM, UNIMAN, ICCS, 
VARTA 

V2.0 29.05.2020 Final check UNIMAN 

    

https://crossbowproject.eu/


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

 

 

D7.3 VSP framework development 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 

  



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

 

 

D7.3 VSP framework development 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EXECUTIVE SUMMARY  

Large-scale integration of renewable energy sources (RES) changes the landscape of power systems. 
Intermittency and reverse power flows from RES lead to new regulation issues both in transmission and 
distribution levels. The potential benefits of energy storage systems (ESS) are widely recognised, for 
integrating dispatchable RES and also enhancing power network stability. Different types of ESS could offer 
their power/energy capacity in the balancing/energy market and provide various ancillary services in order 
to support flexible operation of the power system also with high RES penetration levels. Reduced price and 
increased flexibility bring profits via market participation, which attracts further investments for the 
deployment of storage technology. A diversity of storage technologies is foreseen for the network 
applications in the near future, but how to effectively coordinate a large number and different types of ESS 
is still an open challenge. The concept of virtual storage plant (VSP) is proposed in this context. VSP 
aggregates and coordinates multiple ESS acting as a single storage unit from the perspective of the 
transmission system operator (TSO). 

This deliverable aims at introducing the VSP architecture, functionalities, and demonstration setup within 
the work package (WP) 7. The main contributions of this report are summarized as follows: 

1) Regional Network Modelling and Performance Evaluations 

A simplified interconnected network model covering four TSO systems (HOPS, NOSBIH, EMS, CGES) in 
South-East Europe is introduced, based on which time-domain simulations are performed to analyze the 
services provided by VSP. The operation of distributed storage systems and the performance evaluation of 
the Greek transmission system are presented according to the current practice for storage and RES, 
reported by VARTA and PPC respectively. Generally, storage units and controlled either in a centralised or 
in a decentralised manner with respect to storage dispatch and automatic frequency/voltage regulation. 
This information will be used as baseline to define performance indices which probabilistic studies and 
demonstration activities within WP7 will be based on. 

2) VSP Architecture and Functionalities 

This report refines the architecture of the VSP framework outlined in the deliverable D7.2 considering the 
recent advancement of WP7. Special attention is paid to address the VSP functionalities defined in High-
Level Use Case (HLU) 5 in a formal way. VSP mainly accounts for storage technologies located in the 
distribution level. By aggregating small-scale storage devices as a single storage unit from the system 
ƻǇŜǊŀǘƻǊΩǎ ǇŜǊǎǇŜŎǘƛǾŜΣ ƳǳƭǘƛǇƭŜ storage units can be coordinated to deliver system-level services including 
frequency/voltage regulations and congestions relief. A unified framework is developed to regulate 
network frequency and stabilize inter-area tie-line flows, which prevents congestion on the cross-border 
lines after contingencies. The voltage regulation issue is solved locally in the distribution network through 
the optimal coordination of storage systems. Business models are developed, based on which the owners 
of the storage assets can effectively access various electrical markets and share the profits. Furthermore, 
the optimization results are presented for VSP offering its capacities in the balancing market. 

3) VSP Framework Implementation 

According to the presented VSP concept and architecture, the initial laboratory setup for the experimental 
assessment of the VSP framework is illustrated. Hardware-in-the-loop and real-time simulations will be 
established, which incorporate the physical laboratory power network in the simulation loop. At a later 
stage of WP7 the VSP framework will be deployed in the laboratory, where the storage devices 
communicate in a distributed fashion implemented the devised algorithms. The communication 
infrastructure interfacing the VSP framework to the external CROSSBOW ecosystem will be discussed.  

The final version of the VSP architecture and its functionalities will be reported in the second version of 
D7.3 VSP Framework, together with the relevant definitions, improved functionalities, and demonstration 
plans for HLU 5. Specifically, the following aspects are included in the second version:1) in Section 3.3, a co-
simulation platform is developed to test the control concepts for VSP in frequency regulation and 
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congestion management; this platform also bridges the current simulation and the future demonstrations, 
in which the storage model will be replaced by real storage assets in the laboratory; 2) In Section 3.2.4, the 
optimization algorithms for VSP market participation are improved considering more accurate modelling in 
energy limits and efficiency of storage, and the refined energy and balancing price data from all 8 
CROSSBOW TSOs are used to obtain new results; 3) In section 4.2, detailed information on the ICT 
infrastructure connecting the laboratory SCADA and the MQTT queue is introduced.  
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1 INTRODUCTION  

1.1 Purpose of The Document 

Large-scale integration of renewable energy sources (RES) changes the landscape of power systems. 
Intermittency and reverse power flows from RES lead to new regulation issues both in transmission and 
distribution levels. The potential benefits of energy storage systems (ESS) are widely recognised, for 
integrating dispatchable RES and also enhancing power network stability. Different types of ESS could offer 
their power/energy capacity in the balancing/energy market and provide various ancillary services in order 
to support flexible operation of the power system also with high RES penetration levels. Reduced price and 
increased flexibility bring profits via market participation, which attracts further investments for the 
deployment of storage technology. A diversity of storage technologies is foreseen for the network 
applications in the near future, but how to effectively coordinate a large number and different types of ESS 
is still an open challenge.  

The concept of virtual storage plant (VSP) is proposed in this context. VSP aggregates and coordinates 
multiple ESS acting as a single storage unit from the perspective of the transmission system operator (TSO). 
VSP can provide diversified frequency support, spanning over different time scales, both manually and 
automatically, and maintain regional voltage profiles. Market participation of VSP is enabled through TSO-
DSO cooperation. 

This deliverable reports the first version of the VSP framework, including its main functionalities defined in 
the High-Level Use Case (HLU) 5. The architecture of the VSP framework is defined based on the previous 
deliverables in work package 7 (WP7) and according to the new progress and efforts of the consortium 
partners. The VSP framework delivers five main functionalities, which are refined and treated in a formal 
manner in this deliverable, and will be further validated using the network data and models from the 
consortium countries. The preliminary setup for the laboratory-based demonstration is introduced, based 
on which the initial demonstration results will be presented in the next deliverable of the WP7 task T7.3.  

1.2 Structure of The Document 

The structure of this deliverable comprises three sections addressing the development of the first version 
of the VSP framework: 

Section 2: Power Network Modelling and Performance Indices 

This section introduces the current practice of operating distributed energy storage, which is used as a 
baseline to evaluate the improved performance provided by the VSP framework. The typical uncertainties 
in the power networks related to the RES patterns are identified, which will steer the case studies in the 
later demonstration tasks. The performance indices assessing the voltage/frequency regulation results are 
defined according to the practice of Hellenic Electricity Transmission System. At the end, the regional 
power network models representing the four interconnected system (HOPS, NOSBIH, EMS, CGES) in South-
East Europe is illustrated. The demonstration cluster at UNIZG will consider this multi-are network.  

Section 3: VSP Architecture and Functionalities 

This section covers the refined VSP architecture and functionalities based on recent advancement achieved 
by relevant partners. The VSP aggregates a large number of diverse distributed storage devices located 
mainly, but not only, in the distribution level, which can be coordinated to provide system-level services, 
i.e. frequency regulation and congestion management. The business models addressing the VSP 
opportunity and schemes for market participation are discussed. The optimization algorithms enabling VSP 
to participate into balancing markets through TSO-DSO coordination is presented as well.  

Section 4: VSP Framework Implementation 
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The demonstration setup in the SGLab of UNIZG is illustrated. A hardware-in-the-loop and real-time 
simulation scheme incorporating both the laboratory physical network and 4 TSO networks will be 
established. Case studies covering Use Case (UC) 2 to UC4 are described. The communication infrastructure 
connecting the storage assets in the SGLab is introduced, which facilitates the control of the storage units in 
a distributed manner, as envisaged by the devised distributed control algorithms. Lastly, the role and the 
interface of the VSP framework within the CROSSBOW ecosystem in discussed.   
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2 Power Network Modelling and Performance Indices 

2.1 Practice of Operating Distributed Storage 

VARTA is using centralized storage control to enable installations of multiple battery system units at one 
grid connection point. In such a scenario, it is not feasible to operate these battery systems independently 
of each other, because ς if operated independently ς each battery system unit actively controls the power 
flow at the grid connection point. In an independent operation mode, there would therefore be multiple 
controllers acting on the same physical property, which is a highly instable situation that can lead to 
multiple sorts of unintended systematic behaviour. In an extreme case one battery system could be 
charging while another one could be discharging, which would lead to energetic losses and ageing of 
batteries, but would not have any positive effect on the electric grid. 

To prevent such scenarios, VARTA makes use of one centralized control unit ς the master control unit ς per 
such installation. This master control unit can either be one of the battery system units or a separate 
control system. All battery systems except the master control unit act as worker units without an active 
control system controlling the power flow at the grid connection point. The overall behaviour of such an 
installation is as if there was only one large battery system installed. An installation consisting of multiple, 
comparatively small battery system units, can however be more efficient (due to higher efficiency at partial 
loads), less expensive (due to economies of scale) and more reliable (because there is no single point of 
failure) than one large system. 

The following subchapters will describe the overall architecture of this system, the realization of the control 
strategy and resulting grid support capabilities. 

2.1.1 VARTA VSP System Architecture 

Figure 2.2.1 shows the architecture of installation consisting of multiple VARTA battery systems. One 
system act as master control unit and determines the power required by the total battery installation at the 
grid connection point. The power measurement at the grid connection point can be realized in different 
ways, e.g. Modbus TCP, which all have in common that measured data must be received by the master 
control unit. Worker unit do not have and need any knowledge about the total power flow at the grid 
connection point. 

The communication between master control unit and worker units is realized using the proprietary VARTA 
Secure Remote Control Protocol (VSRCP), which has the following properties: 

¶ based on TCP/IP, so existing Ethernet installations can be reused and a very high number of worker 
units can be addressed, 

¶ protected by the Advanced Encryption Standard (AES) and a time-stamped, salted signature to 
prevent fraudulent control of worker units, data manipulation, and data leakage, 

¶ automatic detection of connection loss and reconnection capabilities. 

Depending on local legislation, all types of VARTA battery systems can be freely combined to form such 
compound installations. Depending on the master control unit being used, an arbitrarily high number of 
worker units can be managed, although typical installations do not exceed 5 worker units. 
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Figure 2.2.1: Architecture of VARTA multiple battery system installation scheme 

 

2.1.2 VARTA Control of Distributed Storage 

The master control unit needs to determine at every point in time which total power shall be delivered to 
the house installation. Typically, this is a fully automated process serving the various overarching use cases 
that the battery systems are intended for: 

¶ Self-sufficiency optimization: The battery system will charge surplus energy generated at the house 
installation and discharge whenever there is a lack of local energy. As a result, the power exchange 
at the grid connection point is minimized. 

¶ Peak-shaving: The battery system will charge based on certain rules, i.e. whenever there is surplus 
energy, and discharge to prevent peaks of power draw from the grid. As a result, peaks of power 
draw from the grid are prevented while also decreasing ς but not minimizing ς the power exchange 
at the grid connection point. 

¶ Frequency control: The battery system is charged and discharged based on the frequency of the 
electric grid measured at the local installation. In such scenarios, the battery system is typically 
connected to an aggregator aggregating multiple sources of frequency control, and remote-
configured to participate in frequency control campaigns organized by this aggregator. 

In any case, this overarching control scheme yields Ptarget, the total power to be delivered by the complete 
battery system installation. In the next step, Ptarget is to be distributed to the worker units in a way which 
optimizes several parameters: 

¶ Maximization of overall efficiency 

¶ Minimization of spreading of battery state of charge 
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¶ Minimization of switches between standby and operational states. 

¶ Minimization of spreading of battery state of health 

This optimization is performed by assigning a cost function to each of these properties. This cost function is 
calculated every n second (typically n Ғ млύ ŀƴŘ ŀ ǊŜǎǳƭǘƛƴƎ ǎŎƻǊŜ ƛǎ ŀǎǎƛƎƴŜŘ ǘƻ ŜŀŎƘ ǿƻǊƪŜǊ ǳƴƛǘΣ ǿƘŜǊŜ 
higher scores are associated with that worker unit being more favourable to be used. The list of worker 
units is then ordered by decreasing score. 

After each step of the overarching control scheme, the master control unit selects that number of top-
scored worker units which are capable to provide the required load in the most energy-efficient way. This 
efficiency-optimization is based on heuristic rules, which are themselves based on field and laboratory 
experience and efficiency measurements. 

In case of failure of individual worker units, the master control unit automatically selects additional, next-
best-scored worker units. 

Figure 2.2.2 shows the response of two battery systems controlled this way on one common grid 
connection point. Both master control unit and one worker unit are realized by the storage system labelled 
άtǳƭǎŜ ƴŜƻέΦ άtǳƭǎŜέ ƛǎ ƻǇŜǊŀǘƛƴƎ ŀǎ ŀ ǇǳǊŜ ǿƻǊƪŜǊ ǳƴƛǘΦ 

At around 2.5 s into the measurement, the power flow at the grid connection point is changed because a 
consumption of around 3 kW is activated. As a response, both worker units are activated from their 
respective standby states (this takes around 5 s) and then balance the load to realize a power flow at the 
grid connection point which is as close as possible to 0. After around 32 s, the consumption is deactivated 
and both worker units are controlled to stop discharging within around 2 s. 

 

Figure 2.2.2: Response of master control unit and two worker units (ñStorage Pulse neoò and 
ñStorage Pulseò) on a step change of external power flow (ñTotal Powerò) and load is positive. 
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Figure 2.2.3 shows data acquired in a similar way but with multiple changes of the power flow at the 
common grid connection point. As can be seen, in all cases the master control unit controls both worker 
units such that a power flow at the grid connection point as close as possible is achieved. 

 

Figure 2.2.3: Response of master control unit and two worker units (ñStorage Pulse neoò and 
ñStorage Pulseò) on multiple step changes of external power flow (ñTotal Powerò) and load is 
positive 

2.1.3 VARTA Distributed Storage Grid Support Capabilities 

For grid support, functionalities such as voltage support, frequency support and Fault Ride Through (FRT) 
capability, developed in conformity with the relevant standards (such as German and European standards) 
will be presented in this section. 

The Responsibility of the storage system is to continuously monitor the grid locally. The storage system 
controls the active power output in order to maintain the frequency and voltage at the connection point 
stable. Grid support capabilities of the storage system are mostly the responsibility of inverter and it is 
considered common practice to implement these functions at a lower control level. One of the reasons, and 
probably the most important one, is the fast response rate to any variation in source or demand. 
Furthermore, this structure ensures that higher controlling units of these complex systems are free of the 
excess burden of mandatory grid support processes. In literature, this control is usually referred to as the 
primary control level of the storage system and is considered to be the first step in the regulation. Inverter 
must therefore be capable to collect local data and also transmission of information to the upper control 
level, such as voltage and frequency measurements and active and reactive power produced by the 
inverter. This exchange of data helps the higher control unit to perform self-optimisation, frequency control 
and other user cases for the energy storage systems. 

There have been quite a few changes in the last year regarding the grid-codes in EU. It is noticeable that 
they are taking a direction more favoured by the VSP and other intelligent power system solutions in 
general. One of the recent changes is that the interface points of the storage systems to the outside system 
are now better defined and in some grid codes also mandatory for both low and medium voltage level. One 
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example would be the new Italian grid code CEI-021:2019-04 where an active power set point control is 
required for all storage systems installed into power plants with aggregated installed power over 11,08 kW 
and therefore already enabling the storage systems to be controlled not only as a single unit but also as a 
part of a bigger system such as VSP. This functionality is handled by the system master control unit where 
the information is transmitted between systems via a standard communication protocol such as 
Modbus/TCP. Function influences the master control regulation algorithm directly. Regulatory 
requirements for this function are a bit more generous in comparison to the grid support functions located 
on the inverter level. Required active power set-point control response time is in this case under 1 minute 
where for example the require P(f) droop control response time is at around 1 second. 

Methods, required by the grid-codes in EU, of controlling energy storage inverters for grid support are: 

1. Active power injection for supporting the grid frequency (P(f) droop control method) 

2. Reactive power injection for supporting the grid voltage (Q(U) droop control method, fixed power-
factor control and fixed reactive power). 

3. FRT capabilities of the system for bypassing short-time grid disturbances in order to, once again, 
improve the grid stability. 

In the following text the above capabilities of the system will be introduced as defined by the actual grid-
codes. The inverter must accurately determine the reference value for the voltage and frequency to 
provide optimum grid support. Also, if required by let´s say primary or secondary frequency control (which 
are not to be mistaken with the P(f) droop control described underneath), inverter must take into account 
ǘƘŜ ŎŀƭŎǳƭŀǘŜŘ ŘŜǾƛŀǘƛƻƴ ƛƴ ŦǊŜǉǳŜƴŎȅ όҟŦύ ƻǊ ǾƻƭǘŀƎŜ όҟ±ύΣ ƻǊƛƎƛƴŀǘƛƴƎ ŦǊƻƳ ǘƘŜ ƳŀǎǘŜǊ ŎƻƴǘǊƻƭ ǳƴƛǘ ƛƴ ƻǊŘŜǊ 
to set power set-point correctly. Furthermore, it must be noted that the grid support functions, defined by 
the grid-codes, have a higher priority over other user defined functions. 

P(f) droop function will be active outside of the normal operating mode in which the frequency deviates 
from the nominal value. The usual frequency threshold is defined at around 50±0.2Hz. In the primary 
control, the frequency of the system is monitored. If the frequency of the system exceeds the 50+0.2Hz 
limit, the storage system must begin to take from or inject power into the system to support stable 
operation of power. Once the frequency perturbation ends and the frequency derivative are terminated, 
the inverter has to limit the change of active power set-point received by the master control for certain 
amount of time, usually for 10 minutes but can wary between the grid-codes. P(f) droop control is shown in 
the Figure 2.2. 

 

Figure2.2 Active power injection by frequency deviation defined by the German grid-code VDE AR N 
4105:2018-11 
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The voltage at grid connection point can be controlled, among other strategies, by setting the storage 
system to inject a certain amount of reactive power (inductive or capacitive) in the grid. This can be 
achieved either by setting a fixed reactive power level, a fixed power factor or by varying the reactive 
power injection depending on a measured voltage value. For the sections of the grid, where voltage 
deviations up to circa ±10% are frequent, it is recommended to inject the reactive power in dependence to 
the voltage. The voltage measurement may be done locally at the inverter connection point or the remote 
grid connection point. Using remote sensing implies additional measurement equipment in the grid 
connection point and eventually communication devices which may be costly. A cheaper alternative is the 
open loop Q(U) control algorithm in where each inverter measures its own terminal voltage and calculates 
the corresponding reactive power contribution. In the Figure 2.3 Q(U) droop characteristics is presented. 
Usual values for Ὗ and Ὗ  are πȟωσὟ  and ρȟπχὟ  respectively, but may vary depending on the grid-code. 
These parameters can be adjusted manually over the system interface. 

 

Figure 2.3. Reactive power regulation characteristic Q(U): activation thresholds and maximum reactive 
contribution required (Q/Pn > 0 means a reactive behaviour of the storage system equivalent to a 

capacitive absorption) 

 

2.2 Power Network Uncertainties and Frequency/Voltage Sensitivity Indices  

2.2.1 Uncertainties in the Power System Operation 

Power demand is subject to fluctuations on a seasonal basis, across the week, and during the day. Demand 
can also be influenced by irregular events, such as particularly extreme weather conditions. They can also 
be swayed by external effects such as strikes, televised events, etc. In spite of these variability, these 
demand peaks and troughs can be met with the combination of different types of RES generation, 
according to their different characteristics and availability.  

Within this section, COBRA, as RES plant operator, has analyzed the seasonal and daily demand variation, as 
well as the temporal and spatial variation in production and availability of RES, in the country where is 
located the test laboratory (Greece). 

2.2.1.1 Seasonal demand variation analysis 

This section outlines how demand for electricity in Greece differs between a sumƳŜǊΩǎ Řŀȅ ŀƴŘ ŀ ǿƛƴǘŜǊΩǎ 
day. Hourly generation data for Greece is available from the national grid via ADMIE (TSO). 

Typically, demand is higher in the summer than in the winter. The ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ άpeakέ ŀƴŘ άƻŦŦ-
ǇŜŀƪέ demands in the summer are usually lower when compared to demands of the winter. Especially in 
winter, demand for electricity tends to fluctuate over the course of the day (mainly determined by human 
activity). 
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Figure 2.4, which compares demand profiles on a ǿƛƴǘŜǊΩs day and a ǎǳƳƳŜǊΩǎ day, shows a similar trend, 
with local maximums at 10 a.m. and at 9 p.m., but with the ǎǳƳƳŜǊΩs day showing a higher demand for all 
of the 24-hour period.  

 

Figure 2.4 Winter and summer daily demand in Greece. Source: ADMIE  

 

Daily demand variation 

As expected, electricity demand is usually lower during the night hours, with little domestic or commercial 
consumption. In both seasons, there is a visible surge in demand in the morning, when people wake-up and 
begin using electrical devices, but this surge increases more rapidly over a shorter space of time during the 
winter.  

Demand continues to rise but then starts to stabilize at around 11 a.m. as offices and shops open and 
electrical equipment such as computers are increasingly utilized.  

In the winter a second surge then occurs later in the day, at 5:30 p.m., as school children begin to return 
home and the working day starts to come to an end. As people return home, they will be turning on 
electrical equipment ς lighting, televisions, and kettles and begin to start cooking dinner. Demand then 
begins to fall and drops off as people begin to retire to bed.  

This evening surge is less evident in summer, as people return home when it is still light. As well as evening 
domestic electricity use being lower in the summer, any use at home in the evening will be counteracted by 
the switching off of air conditioning units in shops and offices. 

2.2.1.2 Availability of RES  

To satisfy this demand according to the trends exposed above, a combination of RES technologies and 
storage systems is required.  

PV and Wind generation are utilized whenever it is available; however, its intermittency due to its reliance 
on weather conditions (wind speed and irradiation) means its output varies i.e.: summer months are 
typically less windy, but sunnier). Figure 2.5 shows how PV and Wind can balance their daily generation. 
Regardless of this complementarity, a Hybrid Plant with only PV and Wind cannot provide a firm and 
dispatchable output, so storage and/or dispatchable units must be added.  
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Figure 2.5. Example of PV + Wind generation (PV 175MW and Wind 175MW) 

 

Figure below illustrates the monthly variability of the wind speed (m/s) and the global horizontal irradiation 
in a region at the south of Greece. These values have been graphed (making use of a box and whisker plot). 
As reminder, in a box and whisker plot [1]: 

¶ The ends of the box are the upper and lower quartiles (25% Q1 and 75% Q3 of the data), so the box 
spans the interquartile range (dark grey); 

¶ The median is marked by a vertical line inside the box (in blue Q2); 

¶ The whiskers are the two lines outside the box that extend to the highest and lowest observations 
(light grey). 
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Figure 2.6. Monthly GHI (up) and Wind Resource in Greece: Q1, Q2, Q3, maximum and minimum 

 

According to the previous graphs, certain complementarity between the Global Horizontal Irradiation (GHI) 
and the wind speed can be seen. However, as indicated above, this complementarity is not sufficient to 
ensure a fully firm electricity production with RES. 

In order to solve these intermittencies, storage units must be used. For instance, Pumped Hydro Storage 
(PHS) and/or Redox or Li-ion batteries have a generation extremely responsive, and can be used to meet 
demand peaks. In addition, dispatchable RES units (biomass and biogas generation), which are more 
flexible, can be adjusted according to the level of demand and price.  

COBRA has analyzed several hybrid plants combining these technologies. Within this document, it is 
analyzed how firmness, dispatchability, curtailment and levelized cost of electricity vary depending on the 
combination of these RES and storage units [1].  

2.2.1.3 Predictable patterns 

Finally, in the pictures below it is graphed (making use of a box and whisker plot) the season and monthly 
variation of the electricity consumption in Greece, the dependence between demand and ambient 
temperature and the analysis between weekdays and weekends.  
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Figure 2.7. Monthly electricity demand in Greece: Q1, Q2, Q3, maximum and minimum 

 

Figure above shows that higher demand occurs during the summer months (June, July and August), but also 
during the winter months (December, January and February). On the contrary, during spring and autumn 
the electricity consumption decreases considerably. 

The light gray areas (min-Q1) and (Q3-max) represent the abundant uncertainty that exists around the 
electricity demand. Conversely, the dark gray, which composes the quantiles Q1-Q3, is much narrower and 
therefore much more predictable. 

Figure 2.8 highlights the fact that ambient air temperature is a highly influential factor that determines the 
total and peak demand in a country, as the months with extreme temperatures (on average) correspond 
with the months with maximum electricity demand. 

 

Figure 2.8. Monthly ambient temperature in Greece: Q1, Q2, Q3, maximum and minimum 
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In addition, within Figure 2.9 it is plotted the probability density of the electricity demand, depending on 
the season of the year. It can be seen the median value (in blue), as well has the two main quartiles Q1 and 
Q3, which represent the 25% of the total data and the 75%, respectively.  

 

 

Figure 2.9 Seasonal electricity demand in Greece: Q1, Q2, Q3, maximum and minimum 

 

Finally, it can be seen in Figure 2.10 how the electricity demand changes depending on the day of the week. 
Taking into account the 8760 data of the time-series provided by ADMIE, it can be established that the 
electricity demand definitively drops at the weekend, especially on Sundays.   

 

Figure 2.10. Weekly electricity demand in Greece: Q1, Q2, Q3, maximum and minimum 

  

In conclusion, after the analysis performed, it can be determined that changes in electricity demand levels 
are generally predictable and have daily, weekly, and seasonal patterns. 
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¶ Daily patterns: Demand levels rise throughout the day and have local maximums at 10a.m. and at 
9p.m. on weekdays.  

¶ Weekly patterns: Demand levels are generally lowest on weekends.  

¶ Seasonal patterns: Demand levels during the summer and winter months tend to be higher than 
demand levels during the fall and spring seasons.  

2.2.2 Performance Indices for Network Operations 

The purpose of this section is to describe the main performance indices of the Hellenic Electricity 
Transmission System and to present some data and statistical results from its systematic monitoring for 
2018. The whole process is based on the data of Hellenic Regulatory Authority of Energy (RAE) [5]. 

The backbone of the Hellenic Electricity Transmission System consists of three, double-circuit 400 kV lines, 
which transmit electricity mainly from Western Macedonia where 70% of the country's generation capacity 
is located, to the major electricity demand centers of Central and Southern Greece where 65% of the 
country's electricity demand resides.  

The Hellenic Electricity Transmission System consists of additional 400 kV and 150 kV lines, as well as of 150 
kV submarine cables, which interconnect Andros and the Western Greece islands, Corfu, Lefkada, 
Cephaloniia and Zakynthos and a 66kV submarine cable connecting Corfu to Igoumenitsa. 

By 30th June 2012, the Hellenic Electricity Transmission System was comprised of 11.303 km of 
Transmission lines as shown on the table 1 below [18]. 

 

Figure 2.11. Transmission Lines (km) 

 400kV D.C. 400kV 150 kV 66 kV TOTAL 

OVERHEAD 2.628 107 8.127 39 10.901 

SUBMARINE  160 140 15 315 

UNDERGROUND 4 - 82 1 87 

TOTAL 2.632 267 8.349 55 11.303 

 

By 30th June 2012, at the 291 Substations of the Hellenic Electricity Transmission System, 619 Transformers 
with a total installed capacity of 50.749 MVA were installed. 

Monitoring the performance of the Transmission System Operation in terms of safety, availability and 
quality of service to users is one of the major issues of Transmission System Operators [19]-[21].  

The Independent Power Transmission Operator (IPTO or ADMIE) S.A. undertakes the role of Transmission 
System Operator for the Hellenic Electricity Transmission System and as such performs the duties of System 
ƻǇŜǊŀǘƛƻƴ ƳŀƛƴǘŜƴŀƴŎŜ ŀƴŘ ŘŜǾŜƭƻǇƳŜƴǘ ǎƻ ŀǎ ǘƻ ŜƴǎǳǊŜ DǊŜŜŎŜΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ǎǳǇǇƭȅ ƛƴ ŀ ǎŀŦŜΣ ŜŦŦƛŎƛŜƴǘ ŀƴŘ 
reliable manner [18]. 

General Characteristics 

Transmission system availability is the proportion of time a transmission circuit was available during the 
calendar year. A circuit is defined as the overhead line, cable, transformer or any combination of these that 
connects two bus bars together or connects the transmission system to another system [18]-[22].  

Transmission system availability is reduced when a circuit is taken out of service, either for planned or 
unplanned purposes. Planned outages are necessary to facilitate new user connections, network 
development and maintenance of network assets necessary to deliver acceptable levels of system security 
ŀƴŘ ǊŜƭƛŀōƛƭƛǘȅΦ ¢ƘŜǎŜ ŀǊŜ ƻǳǘŀƎŜǎ ǇƭŀƴƴŜŘ ǿƛǘƘ ŀǘ ƭŜŀǎǘ ǎŜǾŜƴ ŘŀȅǎΩ ƴƻǘƛŎŜΦ ¦ƴǇƭŀƴƴŜŘ ƻǳǘŀƎŜǎ Ŏŀƴ ōŜ ŀ 
result of equipment failure or a fault caused by adverse weather etc. These are outages required 
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immediately or planned ǿƛǘƘ ƭŜǎǎ ǘƘŀƴ ǎŜǾŜƴ ŘŀȅǎΩ ƴƻǘƛŎŜ ώм-5]. Further information relating to the above 
issues are provided by ADMIE S.A. [18] and [22]-[25]. 

Performance Indices Network Definitions [23]  

(a) Circuit Availability Index-CAI 

The Circuit Availability Index-CAI (CAI) can be defined by the following formula: 

#!)ρ
В      Ͻ    

   ϽВ    
                  (2.1) 

where ɿ is the total number of circuits (at that voltage level) for which outages occurred and M is the total 
number of circuits at that voltage level. According to the ADMIES S.A. the CAI was (in 2018 [23]): 

Availability of Interconnections, CAI = 99.9%; Voltage Level of 150kV (except interconnections), CAI = 
99.6%; Voltage Level of 400kV (except interconnections), CAI = 99.6%. 

(b) Transformer Availability Index 

The Transformer Availability Index (TAI) can be defined by the following formula: 

4!)ρ
В      Ͻ    

   ϽВ    
                  (2.2) 

where ɿ is the total number of transformers (at that voltage level) for which outages occurred and M is the 
total number of transformers at that voltage level. 

According to the ADMIES S.A. the TAI was (in 2018 [23]): TAI=99.8%.  

System availability is reduced whenever a circuit is taken out of operation for either planned purposes or as 
a result of a fault. Planned outages are required for system construction and new user connections in 
addition to the maintenance necessary to retain a high level of system reliability to ensure that license 
standards of security are met. The TSA is calculated by the formula: 

43!
В     

  Ͻ   
ϽρππϷ                   (2.3) 

According to the ADMIE S.A. it was observed in 2018 that [23]: the number of circuits in 2018 was 610 and 
the TSA=99.7% (in 2017 was 99.07% respectively). 

(c) Energy Not Supplied 

The Energy Not Supplied denotes the energy cut from the electricity system due to service interruptions 
due to incidents in the electricity system transmission. It is measured in MWh. 

In 2018, it was estimated to be 1852 MWh of which 1701 MWh was due to faults.  

(d) Reliability Supply Index 

The Reliability Supply Index (RSI) is calculated by the formula: 

23)ρ
  

          
ϽρππϷ  (2.4) 

The overall Reliability of Supply for the Hellenic Transmission System during 2017-18 was: 99.99%. 

(e) System Minutes Index - SMI 

The System Minute is a measure of the energy not supplied for a disturbance. The metric takes account of 
the load lost (MW), duration of disconnection (Minutes) and peak system demand (MW), to allow for 
historical comparison.  

The SMI is calculated by the following formula: 

3-)
%ÎÅÒÇÙ ÎÏÔ 3ÕÐÐÌÉÅÄ -7 -ÉÎÕÔÅÓ

0Ï×ÅÒ ÁÔ 3ÙÓÔÅÍ 0ÅÁË
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For 2018, the Power Peak of the System was 8540 MW, the unserved Energy was 350 MWh, the Duration 
of it was 6 hours and 30 minutes and finally the SMI was 2.46 [23]. 

(f) Frequency Deviation Index ς FDI  

According to the ADMIE S.A. the absolute maximum mean value of frequency deviation was measured at 
03:00 p.m., and was (in 7/4/2018, [23]): FDI=57mHz. 

2.3 The 4 TSO Network Models in South East Europe  

The power networks of the four countries (e.g. Montenegro, Croatia, Serbia and Bosnia and Herzegovina) in 
the South East Europe is considered in this report. The equivalent transmission network model of this 
region is presented in Figure 2.12, which consists of 152 buses, 30 generators, 12 renewable generation 
integration points, 12 DSM assets and 17 cross-border tie lines [26].  

 

 

Figure 2.12 CROSSBOW Equivalent Transmission Network [26] 

 

The parameters of the 17 cross-border tie-lines is shown in Table 2.1. Table 2.2 gives the nominal power 
and inertia constants of the synchronous generators in each TSO network.  

 

Table 2.1 Parameters of the Cross-Border Tie Lines [26] 














































































































