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 INTRODUCTION 

The increased share of Variable Renewable Energy Sources (VRES) in an electricity system requires an 

innovative approach for providing the flexibility necessary for the stable and secure operation of the system. 

The impact of VRES on the operation of the power system is in direct proportion to the degree of integration, 

i.e., participation in the total electricity generation. 

According to the categorization made by the International Energy Agency (IEA), the impact of VRES on the 

operation of an electricity system can be classified into 6 categories,1 starting from Phase 1, in which VRES does 

not have a significant impact on the operation of the system, up to Phase 6 in which seasonal or annual 

surpluses/shortages of generation from VRES occur. According to the global data for 2018, the currently 

achieved maximum levels of VRES impact on the operation of the power system can be classified as Phase 4, 

defined as: “The system records certain periods during which VRES makes almost all generation.” The maximum level 

corresponding to Phase 4 was observed in a small number of countries (Denmark, Ireland and South Australia) 

with the expected tendency to increase the number of countries classified in this category. The vast majority 

of countries are still in Phase 1 and Phase 2, corresponding to the VRES share in total generation of 5-10%, as 

shown in Figure 1. 

 

Source: “International Energy Agency”2 

Figure 1 VRES share in total electricity production in the observed countries in 2018  

Changing the structure of the electricity source leads to a change in the operating mode of the energy system, 

which can be illustrated through influence on the “residual demand” of a system, which by definition is the 

difference between the total consumption and the total generation from variable resources in the power 

system. In addition to the impact on the overall generation structure and the daily profiles of the “residual 

 

1 International Energy Agency, “Status of Power System Transformation 2019, Power system flexibility,” p. 5, 

https://www.iea.org/reports/status-of-power-system-transformation-2019. 
2 Ibid. 
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demand,” it is important to emphasize the influence on increasing the gradient of the “residual demand” at the 

hourly level, as well as increasing the non-uniformity of the “residual demand” annual duration curve. As a direct 

consequence of changes in the operating modes of the power system, there is an increase in the need for 

flexible sources that can respond to the needs of the system, including the aspect of the required power 

gradient. 

By definition, a Virtual Power Plant (VPP) is a system based on software and smart grid technology that 

performs automatic, remote management of aggregated distributed resources to provide services in the 

wholesale or local distribution market through an aggregation and optimization platform. In the broadest sense 

of the term, in addition to distributed generators, the concept of VPP includes other types of distributed 

resources, such as controllable loads, energy storage devices, electric vehicles and such. 

The VPP enables the integration of different, geographically dispersed distributed resources, as well as their 

optimization in a manner that is harmonized with the needs of the power system and the design of the 

electricity and ancillary services markets. In this regard, from the point of view of satisfying the base-load 

generation profile and maintaining the achieved degree of system adequacy, it is important to emphasize that 

the replacement of conventional power plants with VPPs that include renewable distributed generators 

requires that the total installed capacity of the power plants within the virtual power plant should be seven 

times greater from the installed capacity of a conventional power plant that is being replaced.3 

Virtual Power Plants can be classified into Commercial (CVPP) and Technical Virtual Power Plants (TVPP), 

whereby CVPPs allow the participation of flexible resources in different energy markets, while, on the other 

hand, TVPPs aggregate local resources within a specific geographical area for technical purposes, i.e., aimed at 

addressing local network constraints. 

The key barriers to developing and implementing the concept of a VPP may relate to the market framework, 

network constraints, customer/producer inactivity, technological constraints, regulatory framework, and high 

initial investment costs. 

  

 

3 Price Waterhouse Cooper, “Virtual power plants: market and technology,”  

https://www.pwc-wissen.de/pwc/de/shop/publikationen/Virtual+power+plants/?card=21205. 
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 CHARACTERISTICS OF DISTRIBUTED GENERATORS RELATED TO 

FLEXIBILITY  

Distributed generators are considered to be relatively small scale capacity generators, which are usually 

connected to a distribution network. It is important to note that this category also includes generators 

connected behind a meter, generators for backup power supply and, by some definitions, also electrical energy 

storage devices. 

The development of an optimal operation plan of a virtual power plant is based on the knowledge of the 

characteristics of individual distributed generators, which can be classified into four characteristic groups: 

• Biomass and biogas power plants, 

• Combined electricity and heat generation power plants, 

• Solar and wind power plants – variable renewable sources, 

• Small hydro power plants. 

In order to increase the overall flexibility of the virtual power plant, an additional integration of gas power 

plants, power storage devices or backup generators may be implemented. 

 BIOMASS AND BIOGAS POWER PLANTS  

The flexibility of biomass and biogas plants is available, since they are most often equipped with variable speed 

motors, with constant supply and their own biomass or biogas storage. In addition, response times make them 

suitable for the provision of automatic Frequency Restoration Reserve (aFRR), manual Frequency Restoration 

Reserve (mFRR) and Replacement Reserve (RR) services. Biogas power plants with Gas-Otto generators4 are 

characterized by high values of the power gradient, which enables them to reach the set power level within 

the second timescale. In the case of a Combined Heat Production (CHP) power plant with combined heat 

production, flexibility is available if production is carried out according to the needs of electricity production. 

A limiting circumstance for using the flexibility of biomass and biogas power plants may be the mandatory 

purchase of electricity at guaranteed prices in the support system, when this group of power plants is used to 

provide the base-load part of the electricity generation diagram in the power system. 

 COMBINED ELECTRICITY AND HEAT GENERATION POWER PLANTS, 

Due to its dependence on the generation and delivery of thermal energy, as a primary task, this type of power 

plant is characterized by limited flexibility, which can be partially improved if there is a possibility for storage of 

thermal energy. Operating costs related to the flexibility services of this group of power plants include a 

reduction in overall production efficiency, higher maintenance costs, losses in thermal energy storage, and the 

like. 

 

 

4 A common type of reciprocating engines using gaseous fuels. 
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 SOLAR POWER PLANTS AND WIND POWER PLANTS 

Solar power plants and wind farms have the technical capabilities to respond quickly to a control signal that 

regulates the required power level. An important feature of this group of distributed generators is the ability 

to provide symmetrical flexibility services (up and down regulation). 

From a purely technical point of view, this group of power plants can also provide positive regulation services 

(increase in generation), provided that a power plant at a given moment has lower output power compared 

to the potential generation that depends on the availability of the primary source. Provision of positive 

regulation services inevitably leads to a decrease in the overall efficiency of the power plant, due to the loss of 

generation during the period of operation with reduced capacity compared to the available capacity. The 

provision of negative control services is done by reducing and limiting the capacity output of the plant compared 

to its available capacity at a given moment. Since electricity production from these types of power plants is 

most often subject to incentives and subsidies, plant owners operate power plants with the aim of maximizing 

production, which, however, reduces the potential for providing flexibility services. Consequently, the provision 

of flexibility services, from the perspective of the plant’s owner, is a “waste” of energy that has zero operating 

costs of production, which should be appropriately offset by revenue in the ancillary services market. 

An additional limitation in the use of flexibility of variable renewables in this category is due to the stochastic 

nature of the sources themselves, that is, the inherent unreliability of primary energy sources.  

Operating costs related to flexibility services are related to the costs of reduced electricity production, which 

are most often expressed at the Levelized Costs of Electricity (LCOE) level or the guaranteed purchase price 

in the support system. The costs associated with voltage regulation and reactive power generation services are 

generally low and depend primarily on the impact of reactive power production on the possible generation of 

the active power at the specific point in the generator’s P-Q capability diagram.5 

 SMALL HYDRO POWER PLANTS 

Small hydropower plants with synchronous generators are, in principle, extremely flexible resources, in terms 

of the electrical parameters of the generator and the power plant as a whole. However, it is important to 

emphasize that the flexibility of small hydropower plants primarily depends on the volume of accumulation and 

the ability to manage inflows in real time. Most small hydropower plants do not have reservoirs that allow for 

hourly/daily regulation of inflows, making them less flexible, especially when upward regulation is considered. In 

addition, it should be noted that operating in the boundary operating regimes can also have negative 

technological effects such as increased cavitation or the occurrence of hydraulic instability. 

  

 

5 P-Q capability diagram is a graph showing generator’s permitted operating ranges of active power (P) and reactive 

power (Q), taking into account technological constraints 
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 VIRTUAL POWER PLANT ARCHITECTURE AND CONCEPT  

 VIRTUAL POWER PLANT ARCHITECTURE 

The implementation of the virtual power plant concept is a complex process, given the required level of 

integration of a number of system components. 

From the aspect of information and communication technology (ICT), a virtual power plant can be organized 

as a standalone installation or as an installation based on “cloud” technology. Electricity companies that have 

their own ICT infrastructure (servers and network equipment) to perform regular activities typically allocate a 

portion of their own resources to a virtual power plant for the purpose of reducing investment costs and 

increasing security. On the other hand, installations of virtual power plants, which are based on IT “cloud” 

technology, are suitable for small aggregators, suppliers or companies with limited ICT resources; parties are 

able to lease the IT resources necessary to establish the concept. 

The conceptual diagram of the virtual power plant is given in Figure 2.  

 

Figure 2 Virtual Power Plant Concept 6 

According to the concept shown in Figure 2, a "virtual power plant" communicates to distributed resources, 

service providers on the one hand, and service users on the other (control centers of system operators, 

wholesale market participants and suppliers). The virtual power plant communicates aggregated 

production/consumption profiles, including data for individual distributed resources, to the Distribution System 

Operator (DSO) and Transmission System Operator (TSO) control centers, while the control centers of the 

system operators send control activation signals to the virtual power plant, on the basis of which the virtual 

power plant delivers activation orders to distributed resources. 

 

6 Matej Zajc, Mitja Kolenc, Nermin Suljanovic, “Virtual power plant communication system architecture,” January 2018, 

https://www.researchgate.net/publication/322738301._ 
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The participation of a virtual power plant in electricity and ancillary services markets is generally implemented 

through an aggregator (a new entrant in the market), which performs capacity aggregation within the virtual 

power plant, and submits schedules and offers in the electricity and flexibility services markets. 

 TELECOMMUNICATIONS 

Standardization of communication protocols, data models and communication tools is one of the key 

prerequisites for the development and implementation of the virtual power plant concept, given the diversity 

of distributed resources and equipment manufacturers, the need to integrate virtual power plants into the 

wider smart grids concept, and the need to integrate into the existing electricity and ancillary services market. 

Selection of the right telecommunication network model is crucial for the operation of a virtual power plant, 

given the large amount of data that is generated over very short intervals. 

An example of a smart grid architecture with an integrated virtual power plant concept, showing applicable 

standards for data model and communication standards, is given in Figure 3. 

 

Figure 3 An example of a smart grid architecture with an integrated virtual power plant7  

Generally speaking, the communication system within smart networks relies on the implementation of 

Transmission Control Protocol/Internet Protocol (TCP/IP) infrastructure, with the use of network “web” 

services as a mechanism for messaging. Although the virtual power plant communications system is generally 

compatible with smart grid architecture, there is a need for additional protocols that will meet the operational 

requirements of the virtual power plants. This has led to the development of specific protocols, such as the 

“Open ADR 2.0” protocol, which is primarily applicable to automatic load management programs, integration 

of distributed resources and virtual power plants. The aforementioned protocol was developed in the USA, it 

has been implemented in Japan, while in Europe its implementation is in its infancy. This protocol enables the 

 

7 Ibid. 
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additional exchange of data necessary for the operation of virtual power plants, e.g., forecasts, schedules, 

baseline power diagram, market prices. 

The interoperability of the virtual power plants with existing components of a power system is ensured by the 

application of standard communication protocols used to exchange data in the operation of power systems. 

At present, the IEC 61850 series protocols, whose flexibility enables modeling of all virtual plant components 

and hierarchical architecture of the communication system, as well as the IEC 60870-5-104 protocol are 

predominantly used for these purposes. The application of communication standards in accordance with IEC 

61850 allows the control center of a virtual power plant to directly access and directly control any physical 

asset within the virtual power plant, with the ability to obtain physical location information that allows resource 

allocation as per the relevant accounting areas. 

It is important to emphasize that IEC standard 61850 -7-420 (2016) provides standard communication 

interfaces and the ability to exchange data with SCADA and Energy Management Systems (EMS). In addition, 

it defines a standard interface between a virtual power plant and a distributed resource, but without the 

possibility of aggregation. IEC standard 61850-90-15 has introduced distributed energy resources (DER)-

oriented energy services and registers, which make it easier for aggregators to access service providers and 

their technical capabilities. 

Figure 4 shows the general design of the virtual power plant from the aspect of communication with superior 

and subordinate subjects in the power system, with an indication of standard communication protocols used 

for this purpose. 

 

Figure 4 Virtual Power Plant – Basic communication scheme8 

 

8 Richter, Andre & Hauer, Ines & Wolter, Martin. (2018), “Algorithms for Technical Integration of Virtual Power Plants 

into German System Operation,” Advances in Science, Technology and Engineering Systems Journal 3, pp. 135-147, 

January 2018,  

https://www.researchgate.net/publication/323899993.  
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Communication in the deregulated electricity market is performed using the IEC 62325 set of standards, which 

is based on the CIM data model adapted to the electricity market. 

Data exchange with electricity meters, for billing, tariff setting and load management purposes, is carried out in 

accordance with the requirements of IEC 62051 and IEC 62056. 

The standards of the IEC 61968 series define requirements for the exchange of information for all essential 

elements communicating within the distribution management system (DMS), while the standards of the 61970 

series define the application programming interfaces of the EMS system. 

Communication between the virtual power plant and the distributed resources is carried out using different 

communication technologies, with standard solutions related to mobile telephony, infrastructure for internet 

access, and telecommunication infrastructure of advanced electricity metering systems. The data transmitted 

from a distributed resource to the virtual power plant, in real time or with the appropriate time stamp, includes 

the power measurement, availability status and available capacity. In the opposite direction, from a virtual power 

plant to the distributed resource, communication includes signals with the required power value of the 

distributed resource. 

The telecommunication infrastructure of the virtual power plant must meet the technical requirements related 

to the performance of the telecom system, such as latency, packet loss, retransmissions, bandwidth, amount of 

traffic, and average data transmission speed. 

 SOFTWARE 

From an IT point of view, a virtual power plant typically consists of three “layers”': 

• control equipment installed at the individual locations of the service provider, 

• central virtual power plant management platforms, and 

• central portfolio optimization platforms. 

The control equipment at the level of an individual distributed resource consists of a Remote Terminal Unit 

(RTU) or a local management system capable of communicating with the upper level control center. 

Figure 5 depicts the general software architecture of a virtual power plant, showing the basic “layers” of the 

VPP, as well as the basic software modules of the central platform for managing the virtual power plant: 

monitoring module, forecasting module, module for optimization, module for managing the individual resources. 

In addition to energy generation and consumption profiles, the forecasting module further specifies the price 

profiles and other data required for the operation of the optimization module. Supervision and control of 

distributed resources is performed through an internal Supervisory Control and Data Acquisition (SCADA) 

system. 
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Source: Price Waterhouse Cooper9 

Figure 5 Virtual Power Plant Software Architecture  

In order to participate in the balance market or at the power exchange, the virtual power plant should be 

equipped with additional interfaces that connect it to the relevant markets and provide the information needed 

to make optimal decisions on resource engagement. 

The portfolio optimization platform optimizes the commercial performance of a virtual power plant, based on 

the market data, availability of resources, and service providing costs. 

  

 

9 Price Waterhouse Cooper, Op. cit., fn. 3., p. 23 
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 VIRTUAL POWER PLANTS CHARACTERISTICS 

 TECHNICAL ASPECTS 

Optimization of the VPP operation is conditioned, among other things, on the technical resource constraints 

related to the minimum/maximum active power, on/off time, and rate of change of the active power (power 

gradient). In addition, the control algorithm of the virtual power plant should take into account the existence 

of specific technological limitations, such as the capacity of energy storage devices, heat generation, and the like. 

In order to be eligible to provide ancillary services in the power system, virtual power plants, like conventional 

power plants, must meet the requirements prescribed for ancillary service providers. Key requirements, which 

are usually standardized by the network rules, include the amount of spare capacity, power gradient, the time 

needed to reach the full amount of required power, and the availability of the contracted capacity. 

Generally speaking, depending on the technology used, distributed resources have different active power 

gradients upon which the time needed to reach the required power and activate the service is dependent. For 

example, small hydropower plants, Photo-Voltaic (PV) power plants, wind farms and CHP power plants are 

characterized by the time it takes to reach the required power in the range of 2-5 minutes, while Battery 

Energy Storage Systems (BESS) devices fall into the category of distributed resources with the highest response 

rate corresponding to the service activation time of 1-10 seconds. 

The prescribed time for activating the service and reaching the full amount of power required depends on the 

type of service, so for the Frequency Containment Reserve (FCR) service at least half of the FCR capacity must 

be delivered within 15 seconds if the frequency deviation is greater than 200 mHz, while the total capacity 

must be activated within maximum of 30 seconds. When it comes to providing the Frequency Restoration 

Reserve (FRR) frequency control service, the time to reach the full amount of the contracted capacity of the 

FRR service is determined by the responsible TSOs within a specific Load Frequency Control (LFC) block, 

where this time cannot be longer than the prescribed time to restore frequency.10 

 COMMERCIAL ASPECTS 

By aggregating a larger number of different distributed resources, the virtual power plant gains the opportunity 

to participate in the wholesale electricity market as well as in the ancillary services market. Automated electricity 

trading from a virtual power plant in the wholesale market is already practically a standard functionality in the 

European market. In addition, the ancillary services market, although accounting for about 1-3% of the 

wholesale electricity market, is of significant importance for virtual power plant operators because of the high 

price of individual services and the potential to generate revenue on this basis. 

The more intense participation of small participants in the electricity and ancillary services markets, and 

therefore of virtual power plants, is partly conditioned by the size of the minimum bid that a participant can 

offer in a particular market. The size of the minimum bid threshold varies depending on the type of product 

on the electricity market and ancillary services. The minimum supply threshold in the EU organized electricity 

 

10 Commission Regulation (EU) 2017/485 establishing a Guideline on Electricity Transmission System Operation, Articles 

154, 157 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32017R1485&from=EN.  
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market is 0.1 MW,11 as standard, in the FCR market 1 MW, and in the FRR and RR market 5 MW. In this 

regard, lowering the minimum supply threshold directly contributes to the removal of barriers for small 

participants at the electricity and ancillary services markets. In addition to the minimum bid threshold value, the 

ability of small participants to participate in the ancillary services market is conditioned by the product 

characteristics, e.g., frequency of engagement and duration of service activation and the required power 

gradient. 

An additional barrier to participation in the organized electricity market (power exchange) can be the costs of 

participation, which include access fees, fixed annual fees and transaction fees. An example of the fees that 

market participants pay to the operators of the organized markets is given in Table 1. 

Table 1. Fees for participation in a regulated market  

Type of fee EPEX SEEPEX CROPEX12 

One-time access fee (€) 25,000 15,000 15,000 

Fixed annual fees (€/annually) 10,000 10,000 12000 

Cost of energy transactions in the day 

ahead market (€/MWh) 0.04 0.095 0.06 

Cost of energy transactions in the intra-

day market (€/MWh) 0.08   

 

In order to define the aggregator business model, it is necessary to recognize and structure the costs of 

distributed resources that occur when providing flexibility services. These costs represent a change in costs 

relative to the baseline production/consumption scenario where there is no provision of flexibility services. 

The costs of flexibility services can be divided into the following components;13 

• Reduced comfort costs,  

• Indirect costs, 

• Operating costs, and 

• Change in revenue. 

 

11 SWECO, “Study on the effective integration of Distributed Energy Resources for providing flexibility to the electricity 

system,” 

https://ec.europa.eu/energy/sites/ener/files/documents/5469759000%20Effective%20integration%20of%20DER%20Final%

20ver%202_6%20April%202015.pdf. 
12 European Power Exchange (EPEX), South-East European Power Exchange (SEEPEX), Croatian Power Exchange 

(CROPEX). 
13 SmartNet, “Aggregation Models D2.1,”  

http://smartnet-project.eu/wp-content/uploads/2018/05/D2.1_20180524_V1.0.pdf. 
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The cost of reduced comfort quantifies the impact of a change in the utilization of distributed resources on 

the resource owner’s subjective perception of lost comfort. It describes the owner’s readiness to accept the 

reduced comfort in exchange for the certain price for flexibility services activation. 

Indirect costs occur when there is a “rebound” effect, that is, an unwanted load change before or after the end 

of the service period, as a consequence of a load change during the service period. In these circumstances, the 

aggregator and the service provider are exposed to additional imbalance costs due to deviation of the actual 

load from the planned load. The existence of a rebound effect depends on the category and type of distributed 

resources. 

Operating costs represent a change in a direct cost resulting from a change in the mode of operation of a 

distributed resource. This group of costs may include fuel costs, allowed emissions costs, maintenance costs, 

costs of accelerated aging due to the flexibility activation, startup and shutdown costs, variable costs in the 

process industry, and electricity consumption costs. 

The change in revenue represents changes in the revenue of a distributed resource due to the activation of 

flexibility. This category refers to revenues from the sale of products (electricity from distributed generators 

and products from the process industry), and revenues from subsidies. 

If the total costs of flexibility services are positive, they represent the minimum amount of money the provider 

requires to provide the appropriate services, while the negative costs of flexibility represent the maximum 

amount of money that the provider wants to pay to provide the services. 

Viewed from the point of view of distributed generators, the relevant cost categories relate to operating costs 

and changes in the revenue due to the activation of flexibility services. When considering solely solar and wind 

power plants, the operating costs category does not include fuel costs, given the nature of the primary energy 

sources. Costs caused by changes in revenue from hydroelectric power plants depend on the existence and 

capacity of the water reservoir, that is, whether the curtailment of power plant production results in water 

overflow or in its accumulation with the possibility of future generation. 

From the bidding perspective of the service provider, the flexibility costs can be classified either as: 

• Regulation services costs for upward-regulation (generation increase or consumption reduction), or 

• Regulation services costs for downward-regulation (generation reduction or consumption increase). 

 PREQUALIFICATION  

A key prerequisite for the participation of a virtual power plant in the ancillary services market is the fulfillment 

of the prescribed technical requirements during the pre-qualification process. 

4.3.1 Requirements of the Guideline on Electricity Transmission System Operation 

In accordance with the Guideline on Electricity Transmission System Operation (EU 2017/1485), pre-

qualification means the procedure for verifying the compliance of a reserve providing unit or reserve providing 

group with the requirements established by the transmission system operator. 
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A service-providing unit means one or more aggregated generator and/or consumer units connected through 

a common point of connection, while a service providing group indicates any form of aggregation of generator 

units, consumer units and/or service providing units connected to more than one point of connection. Units 

or service providing groups may be formed exclusively within the same LFC area. 

Depending on the type of service, the Guidelines also prescribe a pre-qualification procedure: 

• Article 155 - provision of the “frequency containment reserve” service, 

• Article 159 - provision of the “frequency restoration reserve” service, and 

• Article 162 - provision of the “replacement reserve” service. 

The guidelines oblige the responsible transmission system operators to prescribe and make public pre-

qualification procedures for the relevant types of services within 12 months. In addition, the Guidelines provide 

for compliance checks of a service providing unit or group at least once every five years, in the event of a 

change in technical and availability requirements, as well as in the case of equipment replacement within a 

service unit or group.  

In addition, the guidelines require the submission of the time-stamped schedules for each service unit or group, 

as well as for individual generators and consumers within the group with a maximum active power larger than 

or equal to 1.5 MW. An analogous requirement is defined for the delivery of time stamped, real-time 

measurements of active power. 

Article 182 of the Guidelines stipulates the cooperation of the transmission and distribution system operators 

where the units or groups for the provision of reserve services are connected at the distribution voltage levels. 

For the purposes of the pre-qualification process, the transmission system operator shall prepare and 

determine, in agreement with the relevant distribution system operators, the conditions for the exchange of 

information required for pre-qualification procedures for units or groups located at the distribution level and 

the conditions for provision of active power reserve services. The information that units or groups of service 

providers must provide include: 

• voltage levels and connection points of these units or groups, 

• type of active power reserve, 

• the maximum reserve capacity provided by these units or groups at an individual connection point, 

and 

• maximum active power gradient for these units or groups. 

The pre-qualification procedure relies on an agreed schedule and rules for the exchange of information and 

provision of active power reserves between the transmission system operator and the distribution system 

operator to whose network the service provider's facilities are connected. The pre-qualification procedure 

shall last no more than three months from the day on which the service providing unit or group formally 

submits the complete application to the TSO. 

An integral part of the pre-qualification process is also the assessment of the fulfillment of IT requirements, 

according to the criteria of the responsible transmission system operator. 

As required by the Guideline on Electricity Transmission System Operation, pre-qualification is performed in 

the event of a change in service equipment, which implies the need to repeat the process even when a change 
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in group composition occurs. This issue is of particular importance for aggregators, that is, virtual power plants 

that aggregate a large number of distributed resources and where the change in group composition is relatively 

dynamic. A potential operational solution for the re-qualification of aggregated resources may be a pre-

qualification procedure that is based on the principle of pre-qualification of individual units and the aggregation 

of individual values and parameters. 

Special pre-qualification requirements may be prescribed for the provision of negative reserve services (reduced 

generation and/or increased consumption), such as the case in Germany, which forbids the activation of a 

negative reserve that implies either the loss of fuel or its combustion with no effect on production units, or an 

increase in consumption without economical and meaningful additional purpose in the technological process 

itself.14   

The costs of the pre-qualification procedure are generally borne by the service provider. 

4.3.2 Case Study Germany 

The pre-qualification procedure for balancing service providers in Germany,15 which was prescribed in 2019, 

after the entry into force of the Guideline on Electricity Transmission System Operation, provides that the 

service provider must satisfy the general requirements common to all types of balancing services, as well as 

specific requirements for a particular type of service. 

4.3.2.1 General requirements 

General requirements are IT requirements, data exchange with TSOs, and operational tests. The procedure 

stipulates that the balancing service provider independently performs operational tests, i.e., activates the capacity 

reserve according to the prescribed requirements, whereby coordination with the TSO is prescribed only 

when the capacity, which is subject to pre-qualification, exceeds 100 MW. The documentation of the tests 

performed is submitted with the pre-qualification application through the online portal developed for this 

purpose. 

Figure 6 is an example of an operational test that is an integral part of the pre-qualification process, which 

provides for a total of three reservation periods and two service activation periods. 

 

14 Prequalification Process for Balancing Service Providers (FCR, aFRR, mFRR) in Germany (“PQ Conditions”), p. 17, 

https://www.regelleistung.net/ext/static/market-information?lang=en. 
15 Ibid. 
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Source: Regelleistung16 

Figure 6 Operational test for pre-qualification procedure  

The prescribed response predicts that the capacity change takes the form of a regular rectangle (red line), 

whereas in reality the response has the form shown in the graph (blue line). 

The duration of the reservation and activation period corresponds to one (for FCR and aFRR) and two 

respectively (for mFRR) fifteen-minute planning intervals. For all three types of services, the operational test is 

based on the requirement that the service unit/group must reach the specified power value within 30 seconds 

for FCR, 5 minutes for aFRR, and 15 minutes for mFRR service. The reservation and activation periods for all 

three types of services are divided into a power change period and a stationary period. In addition, a transitional 

period is also defined for the FCR service. 

Figure 7 is an overview of the FCR service test cycle, where the power change period is defined as the time 

from the moment of occurrence of the frequency deviation to the time when the active power of the service 

provider for the first time reaches and passes through a set power value. The service providing unit or group 

meets the requirements of the FCR regulation as far as the power change period is shorter than the prescribed 

30 seconds. 

 

16 Ibid. 
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Source: Regelleistung17 

Figure 7 FCR Service Test Cycle  

The terms of providing the aFRR service, in addition to the power change period of maximum 5 minutes, 

further define the service response time of a maximum of 30 seconds, which is the time after which the service 

providing unit or service providing group must start to change active power from the previous stationary state. 

The stationary period of providing service is 10 minutes. 

The terms of service of the mFRR regulation stipulate that the duration of the power change period is a 

maximum of 15 minutes, followed by a stationary period, which also lasts 15 minutes. 

The available reserve capacity is determined on the basis of the mean value of activated power during the 

stationary period for aFRR and mFRR services and during the transitional and stationary periods for the FCR 

services. The available reserve capacity of positive regulation is the difference between the minimum value of 

the achieved power during the two activation periods, minus the maximum value of the power during the 

three stationary periods. In the case of negative regulation, the available capacity is determined analogously, 

with a corresponding sign reversal. 

The actual value of the reserve capacity fluctuates around the set value to a lesser or greater extent, depending 

on the technology used by the generators and/or consumer units. For each type of service, the "allowable" and 

"tolerable" ranges are prescribed within which the values of the activated power reserve must/may lie, 

respectively, for the power change period and for the stationary period. 

An example of the "allowed" and "acceptable" intervals for the aFRR service, during the power change period 

and the stationary period, is given in Figure 8. 

 

17 Ibid. 
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Source: Regelleistung18 

Figure 8 Schematic representation of the “allowable” and “tolerable” intervals for aFRR  

As shown in Figure 8, the "allowed" interval within which at least 95% of the values of the activated reserve 

power must be located is ± 5%, while the remaining max 5% of the values of the generated power may be 

within the "tolerable" range that is ± 10%. 

The terms of service of the FCR and FRR frequency control in Germany provides an obligation of the service 

provider to provide replacement capacity under the conditions of unavailability of the service providing unit 

and/or group. Replacement capacity must be activated instead of unavailable capacity no later than 15 minutes 

after the end of the fifteen-minute period during which unavailability occurred. Service providers may provide 

replacement capacity either through an agreement with a third party or by hiring units or groups to provide 

services within the same LFC area, which have previously satisfied the requirements of the prescribed pre-

qualification procedure. If the replacement capacities within the same LFC area are not sufficient to compensate 

for the failure, then engagement of the replacement capacities from other LFC areas is permitted. 

Specific requirements are laid down for units or groups of service providers with limited energy storage 

capacity, which are service providers who are unable to reliably provide a reserve capacity for a continuous 

period of four hours without additional measures being taken. 

An integral part of the pre-qualification process is the testing of the service provider's control system, its 

connection to the TSO control system with respect to the real-time data exchange, and the reception and 

realization of control signals. It is the responsibility of the service provider to demonstrate the robustness of 

the control system and its resistance to disturbances. 

The service provider is allowed to simultaneously offer, reserve and activate all three types of power regulation 

services from the same technical unit per LFC area, as long as it maintains specific power ranges for each type 

of reserve and while requirements specific to certain types of services are in accordance with the general 

requirements. In these circumstances, the responsible TSO prescribes specific rules for the allocation of service 

 

18 Ibid. 
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activation errors, depending on the combination of services that the service provider simultaneously provides 

on the market. 

4.3.2.2 Specific requirements for FCR service providers  

The basic requirements regarding the speed and dynamics of the FCR service response are defined in Article 

154, paragraph 7 of the Guideline on Electricity Transmission System Operation. The requirements laid down 

in this Article relate to the provision of services in the entire LFC area, whereby the responsible TSO may 

decide to apply the same requirements to individual units or groups of service providers, as is the case in 

Germany. 

In order to avoid an additional delay in activating the service beyond the allowed 2 seconds, the system operator 

requires that the response characteristic be minimally linear. If the actual response characteristic deviates from 

the minimum prescribed linear characteristic, where the service provider can document that the deviation is 

unavoidable for technical reasons, failure to comply with the requirement will not prevent the service provider's 

pre-qualification. 

FCR service providers must be able to perform services in the frequency range 47.5 Hz to 51.5 Hz, 

corresponding to the prescribed ranges to be met by generators that are being connected according to the 

requirements of the EU Network Rules establishing the requirements for generator connection,19 in the 

following time periods: 

• 47.5 Hz – 49.0 Hz: 30 minutes, 

• 49.0 Hz – 51.0 Hz: unlimited, 

• 51.0 Hz – 51.5 Hz: 30 minutes. 

The requirements for the accuracy of the power system frequency measurement prescribe the maximum 

allowed deviation of the measured frequency from the actual value being 10 mHz. Frequency measurement is 

performed on a decentralized basis at the level of the individual network connection point. 

Specific requirements for service providers with limited capacity of energy storage facilities are further specified 

for the FCR services. The minimum energy capacity is prescribed depending on the contracted power reserve 

and the minimum period of service provision, taking into account pre-activation of the service and measures 

for managing energy storage. The implementation of energy storage management measures must at all times 

ensure the availability of the energy capacity required to provide the service with contracted power. In addition 

to the above, the service provider is obliged to reestablish the minimum capacity of the energy storage facility 

no later than 2 hours after the termination of the power system alert state. 

4.3.2.3 Specific requirements for FRR service providers  

The service provider must be capable of manually activating the FRR reserve by telephone, as a backup in the 

event of a system failure to automatically generate and transmit control signals. 

 

19 European Commission Regulation 2016/631 on Establishing a Network Code on Requirements for Grid Connection 

of Electricity Generators,  

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32016R0631&from=EN. 
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Specific requirements for service providers with limited capacity of energy storage facilities relate to the 

required energy capacity, which must be continuously available to provide contracted power services for at 

least 1 hour. An additional requirement relates to the energy storage management measures, which should 

ensure a continuous provision of services for 4 hours. 

A particular requirement for the mFRR regulation providers is to configure, test and make operational the 

communication link to the communication server. 

4.3.2.4 Data exchange 

Data exchange requirements relate to communication between the TSO and the service provider that takes 

place offline and/or in real time. Communication is, in principle, two-way, with the active power target value 

signal being the only signal transmitted from the TSO’s control center to the service provider control center. 

Message exchange is performed periodically, with an appropriate period of message updates even in conditions 

where there is no change in status or value. The maximum duration of the message update period for the 

communication between the distributed resource to the service provider control center is 60 seconds. On the 

other hand, the maximum update period for the messages from the service provider control center to the 

TSO control center is 30 seconds. 

Measurement values in relation the distributed resource to the control center of the service provider, are 

transmitted cyclically or periodically. For the periodic type of communication, a threshold value of measurement 

value change is prescribed which corresponds to the precision of the measuring device and which initiates the 

measurement value update. If there is no change of the measurement value, the values are updated periodically 

with a maximum update interval of 60 seconds. 

The time resolution of the archived measurement data is recommended to be one second, not binding for the 

service providers who can apply a time resolution that is compatible with the resolution used to deliver real-

time measurements (1-4 seconds standard). The rounding off of the measuring values referring to the active 

power must be done in such a way as to prevent the occurrence of a measurement error due to rounding 

greater than 1% of the value of the contracted power. 

The measuring data shall be submitted exclusively for the periods for which the service is contracted, as well 

as for the last fifteen-minute period preceding and the first fifteen-minute period after the end of the contracted 

period. An analogous provision is prescribed for stationary data, with the obligation to measure, archive and 

submit data for all individual distributed resources and the group as a whole, during the contracted service 

period, including the last fifteen-minute period preceding and the first fifteen-minute period after the end of 

the contracted period. 

The terms for service providing of FCR, aFRR and mFRR in Germany prescribe a detailed matrix of data to be 

exchanged, depending on the type of service, for all three levels of data aggregation – technical unit, service 

providing unit/group and aggregate pool. Changing the composition of the aggregate pool, with respect to the 

inclusion/exclusion of service providing units and/or groups, is permitted only at the end of the fifteen-minute 

period, in order to avoid a negative impact on the accounting of the energy delivered/services rendered. 
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 REGULATORY ASPECTS 

Generally speaking, virtual power plants can participate in the wholesale or ancillary services markets only if the 

regulatory framework authorizes them to do so. In this regard, the regulatory framework should define the 

conditions of participation in the market of an entity that has aggregated a number of different distributed 

resources, which were separately regulated in the previous period. Under these circumstances, the focus of 

the regulatory framework should primarily be on the services provided by aggregated sources, the 

measurement of the services performed and their valuation. 

The development of virtual power plants and their participation in the electricity market is directly related to 

the applied support schemes for the production of electricity from renewable sources. In line with the generally 

accepted trend, there is an ongoing process of switching from feed-in tariff based support schemes to support 

schemes where electricity is sold on the market and a feed-in premium is added on the achieved market price. 

It creates a basis for more intensive development of virtual power plants that can participate on the wholesale 

market on behalf of a larger number of small producers. An additional incentive for the development of virtual 

power plants is the implementation of support schemes with a variable premium, which depends on the 

realized average selling price of electricity in the wholesale market over a certain period of time. The fact that 

the amount of the premium under the given conditions is determined on the basis of the average price on the 

market and not on the basis of the price achieved by the individual producer, directly encourages the producers 

to optimize their market performance with the aim of increasing their total revenues. It is important to 

emphasize that through the aggregation of a greater number of distributed generators, total and individual 

planning errors are reduced and thus the imbalance costs. 

 ANCILLARY SERVICES MARKET 

The ancillary services market includes, as a rule, frequency regulation services, congestion management, voltage 

regulation and reactive power generation, the capability of starting without an external power supply (black 

start), and capacity reserves. 

5.1.1 Balancing services 

The frequency regulation services/balancing services, can be divided into the following services in accordance 

with the EU Guideline on Electricity Transmission System Operation: 20 

• “frequency containment reserve” (FCR), 

• “frequency restoration reserve” (FRR), 

• “replacement reserve (RR).” 

The conditions for provision of the frequency regulation services may vary depending on whether the product 

purchased by the transmission system operator is symmetrical or not (the same value of the power reserve in 

both directions).  

 

20 Commission Regulation (EU) 2017/485, Op. cit., fn. 10. 
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Balancing market products are reserve capacity and active energy. 

An increased share of variable energy resources in the total electricity production, with the displacement of 

the conventional generators, directly leads to an increase in the need for ancillary services in the power system. 

In this sense, the ancillary services market is being adjusted in order to enable more extensive participation of 

distributed resources in the provision of services through the removal of barriers and product redesign. In 

these circumstances, the ancillary services market becomes available to new categories of participants in the 

market, such as distributed generators, BESS storage and flexible consumers. 

FCR frequency regulation control services have traditionally been provided by conventional generators, with 

response rates of active power in the second range. BESS storage, thanks to the inherent fast active power 

response and power gradient, is a distributed resource that can fully meet the requirements for FCR frequency 

regulation control providers. In addition, wind turbines can be capable to provide synthetic inertia in the system, 

thus compensating for the lack of conventional generators that, by mechanical inertia, can respond to rapid 

changes in power and frequency in the power system. 

The inertial response of a generator to frequency changes in the power system provides a faster response 

than standard frequency regulation control services, thus limiting the amplitude and gradient of frequency 

change up to the moment of activation of these services. Wind turbines, which are connected to the grid via 

power electronics devices, respond to frequency changes by means of a regulator that changes the generator 

power output by changing the torque or angle of the turbine blades. The requirements for synthetic inertia 

are laid down in point 21.2 of the EU Network Code on requirements for connection of generators,21 which 

states that TSOs have the right to stipulate that types C and D energy parks have the technical capability to 

provide synthetic inertia at very fast frequency changes in the system. 

Distributed resources have the technical capabilities to fully meet the requirements of the FRR automatic and 

manual frequency regulation, as well as RR reserve services. FRR automatic and manual frequency regulation 

services are provided in the minute range of 5-15 minutes, while RR reserve services are provided in a minute 

interval larger than 15 minutes. 

Voltage regulation services are provided in a timescale of few seconds. The distributed generators are generally 

capable of meeting the requirements for service providers prescribed by the relevant system operators. 

Generator “black start” services (switching on without an external power supply) are provided within a minute 

range. 

In addition to the aforementioned standard services in the ancillary services market, there are some other 

innovations that can be classified into two groups:22 

• A set of innovative flexibility services, such as the ramping products and fast frequency response of 

BESS storage, with an appropriate compensation mechanism for the services performed, 

 

21 European Commission Regulation 2016/631, Op. cit., fn. 19. 
22 IRENA, “Innovative Ancillary Services,” p. 10 

https://www.irena.org/-

/media/Files/IRENA/Agency/Publication/2019/Feb/IRENA_Innovative_ancillary_services_2019.pdf?la=en&hash=F3D83E86

922DEED7AA3DE3091F3E49460C9EC1A0. 
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• A set of innovative products that enables new market entrants to provide specific services, such as 

wind turbines, which provide synthetic inertia, PV generators that perform voltage regulation, and the 

like. 

Active power regulation services with a prescribed power change gradient are a new type of service that TSOs 

use to compensate for rapid changes in "residual demand," increased due to an increase in the share of variable 

sources in the total electricity production. This type of service is used by system operators in the US, with the 

product being procured indicating the number of MW of power change in the interval of 5 minutes. 

Rapid changes in the active power of BESS storage represent a service that offsets the reduced availability of 

conventional generators, the traditional providers of primary frequency regulation (FCR equivalent). BESS 

storage devices have response characteristics in the sub-second range, making them suitable for providing fast 

frequency and active power control services. It opens the possibility to create a special service in the balancing 

services market for this category of distributed resources. In the past five years, transmission system operators 

in the UK and Australia have established a special set of fast frequency and active power regulation services 

that are provided by BESS storage devices with the installed capacity exceeding 100 MW. Until 2016, the UK's 

transmission system operator “National Grid” procured high-speed frequency regulation services with a 

primary response time of 30 seconds and a secondary response time of 60 seconds. In 2016, National Grid 

defined a new service in the ancillary services market, called Enhanced Frequency Response (EFR), to secure a 

response in a sub-second range. The contracts with eight BESS storage plants with a total installed capacity of 

201 MW, were signed for four years at prices ranging from £7 to £11.97 / MW / hr.23 The capacities offered 

in the tender were seven times more than the required amount of capacity, with the total capacity of 

unsuccessful bidders amounting to about 1200MW. 

Starting in 2009, Germany made it possible for renewable energy generators, BESS storage devices and 

industrial customers to participate in the balancing market. In the period from 2009 to 2015, the needs for 

reserve capacities in the balancing market were reduced by 20%, while the costs of procurement of services 

were reduced by as much as 70%.24  

Participation of wind turbines in the provision of balancing services is made possible in Belgium, Denmark, 

Estonia, Finland, Netherlands, Poland, Spain, Sweden and the United Kingdom.25 On the other hand, the 

participation of BESS storage devices in the balancing services market is made possible in Australia, Belgium, 

Germany, the Netherlands, United Kingdom and the USA. 

One of the barriers to the participation of variable resources in balancing markets has been the integrated 

procurement of ancillary services products, both the reserve capacity and the balancing energy. Under these 

conditions, the transmission system operator has activated the ancillary services solely from the service provider 

with whom it had previously signed a capacity reserve agreement for the relevant service. This model basically 

prevents the participation of variable sources in the balancing market, given the impossibility of a long-term 

guarantee of their available capacity for the period of providing the service, which is usually procured annually. 

This barrier can be resolved by changing the market design so that market rules or other equivalent documents 

 

23 KPMG, “EFR tender results, Market Briefing,”, p. 1 

https://assets.kpmg/content/dam/kpmg/uk/pdf/2016/10/kpmg-efr-tender-market-briefing-updated.pdf. 
24 IRENA, Op. cit., fn. 22, p. 13. 
25 Ibid. 
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allow the transmission system operator to engage, in addition to the engagement of contracts for which the 

reserve capacity has been contracted, “free” balancing energy bids in the balancing market.  

Furthermore, transmission system operators often procure frequency regulation services as a single product in 

both directions (upward and downward regulation) for a particular type of service. The procurement of 

frequency regulation services as a single product for both directions limits the type and number of resources 

that can participate in the provision of services. Massive participation of distributed resources in the provision 

of certain frequency regulation services can be achieved by the asymmetric products, that is, the separation of 

a single product into two products – the upward and downward regulation services.  

The recommended design change to move ancillary services to a more competitive market is that balancing 

energy should also be procured for shorter periods of time, including weekly and daily procurement, from 

entities that have not previously contracted reserve capacity. The change in design, with a shortening of the 

balancing services procurement period, allows for the participation of a larger share of distributed resources, 

with a potential reduction in overall costs. 

The changes to the market’s design described above, to include asymmetric capacity products and free balancing 

energy bids into the balancing services markets, have the potential to reduce both the costs of the procurement 

of ancillary services and the need for additional infrastructure. 

5.1.2 Congestion management and power curtailment   

Congestion management represents a set of measures in different time periods, undertaken by the responsible 

system operator to eliminate overloads in the electricity system. When distributed generation is considered, 

congestion management services can include capacity leasing and reducing/increasing electricity generation.  

Currently, congestion management service may be a long-term contract between the responsible system 

operator and the power plant operator (directly or through an aggregator), which obliges the power plant to 

limit its output at certain times of the year. Power curtailment can be invoked in order to avoid overloads that 

would otherwise require additional investment in increasing the capacity of the distribution network. 

Furthermore, a distributed generator’s power curtailment at the request of the responsible system operator 

may be conditioned by different operating states in the power system, such as: 

• unforeseen network constraints, 

• breaches of operational security, 

• imbalance of production and consumption. 

The limitation of the power output of power plants under given conditions is an important aspect of the 

regulatory framework, which should define both the entitlement to compensation for the services provided 

and the way of determining its value. 

Network operators in Germany Avacon Netz, EWE NETZ and TenneT, in collaboration with the EPEX power 

exchange, have developed a market mechanism for service providers who intend to participate in providing 

network congestion management services. Flexible bids are entered into the local bid registers, along with 

information about the service provider's grid location. Bids are available to network operators who can use 

them to avoid and resolve network congestions. EPEX SPOT acts as a neutral intermediary between the system 



30 
 

operator and the service provider. Due to the characteristics of the German power system, where most 

production facilities are located in the north of the country, while large consumption centers are located in the 

south, congestion occurs primarily on the transmission network, with occasional congestion at the distribution 

level. It is noteworthy that the car manufacturer AUDI also participates in the congestion management market 

with a power to gas facility in Werlte, Lower Saxony. 

 BASELINE DIAGRAM  

A baseline diagram is applied as an approximation of the consumption and/or production of electricity that 

would be realized without activating flexibility services. The baseline diagram is the basis for quantification of 

the flexibility services provided both at an aggregator and individual provider level. 

The method of establishing the baseline diagram, the periodicity of updating and the quantification of the 

provided flexibility services depend on the type of products in the ancillary services market. The authority to 

develop the methodology for determining the baseline diagram is generally assigned to the transmission system 

operator or regulatory commission, depending on the type of service. If the responsibility for developing the 

methodology is assigned to the transmission system operator, an additional approval of the methodology may 

be provided by the competent regulatory commission. 

One of the key issues that needs to be addressed by the regulatory framework concerns the measurement of 

the performance of a VPP, with options being group-level or individual-level measurement. Measuring 

performance at the group level reduces complexity and at the same time creates the preconditions for easier 

integration of smaller scale distributed resources, especially consumers. 

 CAPEX/OPEX COST OPTIMIZATION 

The problem of congestion in the distribution network has traditionally been solved by investing in increasing 

the capacity of electricity facilities, which has led to an increase in the regulatory asset base of fixed assets and 

an increase in the capital costs (CAPEX) of the regulated company. Under the conditions of the intensive 

development of distributed sources, it is a realistic assumption that the development of the distribution network 

in certain areas will not be able to follow an intensive load increase, and that occurrence of occasional overloads 

of distribution network elements for relatively short duration could be expected. On the other hand, the 

expected increase in the flexibility of distributed resources can be used to actively manage the network during 

the periods of expected congestion, which may delay or even avoid the need to invest in the distribution 

network. 

A change in the congestion management paradigm in the distribution network leads to a change in the cost 

structure of system operators, in a way that future capital costs are reduced, while the current operating costs 

(OPEX) increase. Increasing the operating costs of a regulated company in the actual moment compensates 

for an increase in future capital expenditures, which creates an additional complexity of the regulatory 

framework from the aspect of optimization of the CAPEX/ OPEX costs of a regulated company. 
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 GLOBAL INDICATORS 

 STRUCTURE AND INSTALLED VIRTUAL POWER PLANTS CAPACITIES 

Generally speaking, depending on the structure of distributed resources, virtual power plants can be classified 

into: 

• Virtual power plants with distributed generators, 

• Virtual power plants with demand response, or 

• Virtual power plants with mixed assets. 

The global development of virtual power plants has followed the specificities of the local markets, with 

developments in Europe primarily based on the concept of virtual power plants with distributed generators, 

while in the USA the concept of virtual power plants with demand response is at its core. The development 

of technology and the cost reduction of energy storage devices - BESS storage, is a key cohesion factor that 

has enabled the integration and optimization of various distributed generators within a mixed assets virtual 

power plant. The inclusion of BESS storage devices in the concept of a virtual power plant has contributed to 

reducing the cost of dispatching distributed generators and increasing the overall response rate to a given 

power change. 

Figure 9 shows the structure of the virtual power plants globally, as of the second quarter of 2019.26 

 

Figure 9 Virtual power plants structure at the global level 

According to a survey conducted by the consulting firm Arthur D. Little,27 the largest number of active 

aggregators provide services with mixed structure of distributed resources, with only one subject with a 

 

26 Navigant Research (acquired by Guidehouse Insights), “Virtual Power Plants Go Global,” 2019, p. 4, 

https://www.enbala.com/wp-content/uploads/2020/03/NavigantWPVPPsGoGlobalFinal.pdf. 
27 Arthur D. Little, “Virtual Power Plants – At the Heart of the Energy Transition”, 2018, p. 3 

https://www.adlittle.com/en/insights/viewpoints/virtual-power-plants-%E2%80%93-heart-energy-transition. 
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portfolio composed solely of controllable loads. Figure 10 is a depiction of the active aggregators, according to 

the chosen market strategy and market structure of services. 

 

   Source: Arthur D. Little 

Figure 10 Aggregator’ categorization 

According to the data presented in Figure 10, the concentration of aggregators in the segment whose business 

model includes mixed assets management is observed, with a tendency towards integration with electricity 

supply services. In an organizational sense, a smaller group of aggregators participates in the market as an 

“independent aggregator” (without the option of supplying electricity), while the vast majority of subjects 

participate in the market in partnership fully integrated with suppliers in the retail market. 

The world's first virtual power plant was established in Germany, with its beginnings dating back to 2008, when 

RWE aggregated nine small hydropower plants with a total installed capacity of 8.6 MW. The capacity and 

structure of distributed resources within the virtual power plant have evolved over time, with the inclusion of 

biogas power plants, backup generators, CHP power plants, and wind farms, resulting in the total portfolio 

having grown to 200 MW today. 

Germany also has the largest virtual power plant in the world, operated by Statkraft, which has been operating 

since 2013, with a current installed capacity of distributed resources within a virtual power plant of over 10,000 

MW. The installed capacity of the resources in a virtual power plant is twice that of the largest conventional 

power plant in Germany, or about 5% of the total installed capacity in the country. The world’s largest 

Statkraft’s virtual power plant consists of 1,300 wind farms, 100 solar power plants, 12 biomass power plants 

and 8 hydro power plants. 
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In addition, a significant market player in the German market is the Next Kraftwerke virtual power plant, which 

aggregates more than 8,700 distributed resources, with a total installed capacity of 7,560 MW. Next Kraftwerke 

participates in the day-ahead market and intraday market, provides balancing services in seven European trading 

zones, and optimizes its portfolio in order to benefit from the peak pricing in the wholesale market. The history 

of the company's development, with the key milestones in the development of the virtual power plant, is shown 

in the Figure 11.28 

 

      Source: Next Kraftwerke 

Figure 11 Next Kraftwerke VPP development history 

The UK is specific for its large number of active virtual power plants, with aggregate power ranging from as 

little as 4 MW to as much as 1,000 MW in the largest virtual power plant operated by Statkraft, which 

aggregates gas power plants as well as electricity storage devices. In addition, network operator “UK Power 

Networks” is launching a series of virtual power plant projects that are an alternative to conventional upgrades 

of power grid capacity. Through the aggregation of solar power plants integrated with the energy storage 

devices at a total of 25 locations across the grid, resources are created that will inject electricity into the grid 

during the peak load periods, when otherwise overloading from the transmission grid would occur. 

According to data compiled by Navigant Research,29 the total installed capacity of distributed resources 

integrated into virtual power plants increased by about 4,000 MW globally in 2019. Out of these, Europe has 

the largest share of the installed capacity, with over 2,000 MW of installed capacity per year, and the Asia 

Pacific region (including Australia) with about 1,000 MW of installed capacity per year. 

 

28 https://www.next-kraftwerke.com/company. 
29 https://blog.enbala.com/global-virtual-power-plant-market-trends.  

https://www.next-kraftwerke.com/company
https://blog.enbala.com/global-virtual-power-plant-market-trends
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An overview of the current state of VPP market development, with an estimate for year 2028 by region, is 

given in Figure 12. 

 

   Source: Navigant Research 

Figure 11 Annual increase of the VPP's installed capacities – years 2019 and 2028  

Navigant Research estimates that the total installed capacity of distributed generators that are integrated 

annually into the virtual power plants, by year 2028, will exceed 34,500 MW, out of which 14,400 MW in 

Europe alone. 

The specificities of the power system in Europe, which have conditioned the development of the concept of 

virtual power plants, are reflected in the fact that the vast majority of distributed generators are connected 

directly to the grid, which creates the basis for the development of the concept on the "supply side." In this 

regard, Europe is a global leader in the installed capacity that the distributed generators have integrated into 

the concept of the virtual power plants, with an annual increase of around 1,300 MW in 2019.30 The leader in 

the European market is Germany, which has the largest and most developed market for virtual power plants 

and the largest annual increase in the installed capacity, followed by the UK. 

 

30 Navigant Research, “Transforming Markets for VPPs in Europe”, p. 3 

https://www.enbala.com/resource/the-transforming-virtual-power-plant-market-in-europe/. 
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Source: Navigant Research 

Figure 123 Annual installed capacity of distributed generators in VPP and implementation costs for 2019 – 2028 

According to the Bloomberg consultancy, Australia will reach the highest level of decentralized electricity 

generation in the world, with the installed capacity of solar power plants and BESS storage devices located 

behind the meters accounting for about 38% of the country's total capacity. A similar estimate is made for 

Japan, where the share of the installed capacity in the solar power plants and BESS storage devices located 

behind the meter is expected to account for about 30% of the total capacity.31 In this sense, the structure and 

character of the power system in these two countries represent an extremely favorable basis for developing 

the concept of virtual power plants with mixed assets. 

The United States is an example of a virtual power plant concept primarily based on load management, which 

is gradually evolving into a mixed assets concept. 

 ENERGY STORAGE DEVICES  

The development of technology and the cost reduction of BESS storage devices is one of the milestones in the 

development of the concept of virtual power plants. 

According to the International Energy Agency, there is a rapid increase in the installed capacity globally, with 

the installed capacity doubling in 2018 compared to 2017. Total installed capacity at the end of 2018 was over 

8,000 MW.32 

 

31 Op. cit., fn. 29. 
32 IEA, “Annual storage deployment, 2013-2018”, IEA, Paris,  

https://www.iea.org/data-and-statistics/charts/annual-storage-deployment-2013-2018. 
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      Source: International Energy Agency - IEA 

Figure 13 Installed capacity of BESS storage devices globally (GW per year)  

The installed capacities of the storage devices installed “behind the meter” for the second consecutive year 

correspond to the installed capacity of the grid-scale batteries. 

Viewed by the region, the most significant growth in the installed capacity was registered in Korea, Australia, 

Japan, Germany and the USA.33 

 

33 IEA, “Combined utility-scale and behind-the-meter deployment in selected countries, 2013-2018”, IEA, Paris, 

https://www.iea.org/data-and-statistics/charts/combined-utility-scale-and-behind-the-meter-deployment-in-selected-

countries-2013-2018. 
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-  

Source: International Energy Agency - IEA 

Figure 14  Installed capacity of BESS storage devices in the selected countries (GW per year)  

In the European market, the leaders are Germany and the UK, with the number of BESS storage devices 

installed “behind the meter” in Germany exceeding 100,000 installations. Further development of the BESS 

storage industry in Europe has been fueled by support programs for local production by Germany and France, 

which have jointly committed to support in by investing the amount of 1.7 billion Euros. In this regard, with the 

additional increase in demand in the electric vehicles market, the production capacities of lithium-ion batteries 

are expected to triple by 2022.34 

Considering the structure and type of the installed electricity storage devices, the share of the Li-ion batteries 

is dominant, making up about 90% of the installed capacity in 201635, as depicted by Figure 16. 

 

 

34 https://www.iea.org/reports/tracking-energy-integration/energy-storage. 
35 IEA, “Technology mix in storage installations excluding pumped hydro, 2011-2016,” Paris,  

https://www.iea.org/data-and-statistics/charts/technology-mix-in-storage-installations-excluding-pumped-hydro-2011-

2016. 
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Source: International Energy Agency - IEA  

Figure 15 Technological mix of the storage devices (excluding pump storage hydro power plants) 
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 VENDORS 

The development of the technology and the ancillary services market has led to an emergence of a large 

number of manufacturers of IT intelligent systems for virtual power plants at the global level, such as: 

• ABB, Ltd. 

• Autogrid Systems, Inc. 

• Blue Pillar 

• Cisco Systems, Inc. 

• Comverge 

• Cpower Energy Management 

• Enbala Power Networks, Inc. 

• Enernoc, Inc 

• Flexitricity Limited 

• General Electric 

• Hitachi, Ltd. 

• IBM 

• Limejump Limited 

• Next Kraftwerke 

• Olivene, Inc. 

• Open Access Technology International, Inc. 

• Osisoft 

• Power Analytics Corporation 

• Robert Bosch GmbH 

• Schneider Electric 

• Siemens AG 

• Spirae, Inc. 

• Sunverge 

• Toshiba Corporation 

• Upside Energy, Ltd. 

The profiles of companies that produce components of the IT systems for virtual power plants is diverse, 

ranging from energy companies with infrastructure and expertise, IT companies that have the ability to manage 

large amounts of data in real time, and start-up companies that are gradually entering the market. 
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 VIRTUAL POWER PLANT COMMERCIAL MODEL 

 OPTIMIZATION OF THE WORK PLAN 

The market available for service providers using distributed resources is evolving gradually, with varying 

dynamics across geographic areas and market segments. 

A key technical prerequisite for the service providers to participate in the wholesale and ancillary services 

markets is a software platform that needs to meet the requirements of scalability (increase in the number of 

and installed capacities of distributed resources vertically and horizontally), flexibility (integration of distributed 

resources of different manufacturers, different interfaces and communication protocols), and availability (fault 

tolerance). 

The central virtual power plant algorithm, based on information on planned generation/consumption of 

distributed resources and data related to the electricity market and ancillary services, calculates the optimal 

schedule of the virtual power plant for the corresponding planning period. 

Planning of wind farms’ production can be performed using some of the available methods, which can be 

classified into six characteristic types, with the highest accuracy being achieved by applying physical and hybrid 

methods. According to the available data, depending on the method used and the planning time horizon, for a 

period of 1-2 hours in advance it is possible to achieve an accuracy corresponding to the value of the mean 

absolute error of 5-7%.36 The available models for planning solar power plants’ production can be classified 

into five characteristic types, where, generally speaking, the accuracy of the forecast decreases rapidly with the 

increase of the planning horizon. 

 ANCILLARY SERVICES MARKET 

The revenues generated by the frequency regulation service providers depend on the type of service. The FCR 

services are most often remunerated through the capacity charges only, while for FRR and RR services, in 

addition to capacity remuneration, the balancing energy activated at the request of the TSO is remunerated as 

well. The prices of balancing energy which is produced / consumed through the engagement of reserve 

capacities are at a level that significantly, and often multiply, exceeds electricity prices in the wholesale market. 

In order to illustrate the financial potential of providing the ancillary services, Figure 17 shows a seven-day trend 

for ancillary services energy prices, for the third week of January 2020, achieved in the German balancing 

market. 

 

36 Richter, Andre,  Hauer, Ines, and Wolter, Martin, Op. cit., fn. 8, p. 137.  
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Source: “Regelleistung”37 

Figure 16 Energy Prices in the Balancing Market of Germany - Week 3, 2020  

The average prices shown in Figure 17 are given in fifteen-minute intervals, corresponding to the duration of 

the imbalance settlement period. Analysis of the data in Figure 17 shows that average prices of positive mFRR 

services fluctuated around the level of EUR 2,000/MWh, with occasional maximums reaching as high as EUR 

4,000/MWh. On the other hand, the average cost of a positive aFRR service was around the level of 1,000 

EUR/MWh, with a maximum of as much as 4,395 EUR/MWh. The average prices of negative mFRR were 

generally below the level of EUR 2,000/MWh, while the average prices of negative aFRR were about 1,000 

EUR/MWh. It is important to emphasize that the prices of negative regulation in the observed period were 

negative, which means that the providers of ancillary services received energy and for that they received financial 

compensation at prices ranging up to 3000 EUR/MWh. 

Figure 18 below depicts the average reserve power capacity prices for FRR services on the Germany’s balancing 

market for the third week of January 2020. 

 

 

37 https://www.next-kraftwerke.com/power-market-report. 

https://www.next-kraftwerke.com/power-market-report
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Source: “Regelleistung”38 

Figure 17 Capacity Prices for FRR Services in the Balancing Market of Germany - Week 3, 2020  

Average capacity prices of positive mFRR regulation ranged between 5 - 20 EUR/MW, while average prices of 

the capacity of negative mFRR fluctuated between 2 EUR/MW (Sunday) to 12 EUR/MW (Tuesday). On the 

other hand, the average capacity price of negative aFRR regulation ranged from EUR 10 / MW to EUR 45 / 

MW. 

In addition to providing FRR frequency regulation services, virtual power plants can also be qualified to provide 

FCR regulation services; in this respect, the capacity prices in the ancillary services market should be indicatively 

stated. Figure 19 below depicts, for illustrative purposes, the average capacity prices for FCR services on the 

German Balancing Services Market, also for the third week of January 2020. 

 

38 Ibid.  
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Source: “Regelleistung”39 

Figure 18 Capacity prices for FCR services in the Balancing Market of Germany - Week 3, 2020 

FCR service capacity prices were relatively stable over the reported period, ranging from EUR 100/MW to 

EUR 135/MW on weekdays, or around EUR 170/MW on weekends. On average, on a weekly basis, the cost 

of the FCR service capacity was 136 EUR/MW. 

  

 

39 Ibid. 
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 CAPACITY MECHANISM FOR CONVENTIONAL POWER PLANTS  

 IMPACT OF RENEWABLE ENERGY SOURCES ON THE CONVENTIONAL POWER PLANTS  

Increasing the share of variable renewable energy sources in the total electricity consumption, in addition to 

the changes of the “residual demand” profile and the “residual demand” annual duration curve, inevitably led 

to a change in the way the power plants using conventional energy sources are utilized, as well as in an increase 

in the reserve capacity requirements in the power system. The impact is particularly noticeable when it comes 

to the coal and natural gas power plants, which, by reducing the annual number of operating hours (capacity 

factor), also reduce electricity production, which directly threatens their financial stability and sustainability. Due 

to the fact that variable renewables have extremely low marginal costs of electricity production, increasing their 

share also leads to lower prices in the wholesale market due to the merit order effect, thereby further reducing 

the profitability of the conventional power plants. 

The trend of the capacity factors of different electricity generation technologies in the EU in the period 2000-

201440 is shown in Figure 20.  

 

Source: European Commission 

Figure 19 Capacity factor by electricity generation technology in the EU (2000-2014)  

Figure 21 illustrates the relationship between the increase in the share of renewable energy sources and the 

degree of conventional fuel power plants utilization, in the individual EU Member States, in the period 2000-

2014.41 

 

 

40 European Commission Staff Working document accompanying the document, “Final Report of the Sector Inquiry on 

Capacity Mechanisms,” 30 November 2016, p. 18 

https://ec.europa.eu/energy/sites/ener/files/documents/swd_2016_385_f1_other_staff_working_paper_en_v3_p1_87000

1.pdf 
41 Ibid. 
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        Source: European Commission 

Figure 20 The relation between the increase in the share of renewable sources and the conventional power plants 

utilization  

Uncertainty regarding future engagement and financial viability directly threatens investment in production 

capacities that is necessary in terms of production adequacy and meeting the peak loads in the power system. 

The aforementioned reasons initiated numerous EU Member States to introduce capacity mechanisms and 

respective reserve capacity provision fees to prevent the complete shutdown of the power plants that are 

necessary to ensure the power system adequacy and security of supply. The purpose of the introduced fees is 

to secure the available generating capacities necessary to ensure that, in the medium to long term, the maximum 

loads in the power system are met. 

The European Commission has determined that capacity remuneration mechanisms are problematic because 

of the risk of violation of the internal electricity market rules, which is why they are subject to intensive 

monitoring in terms of compliance with state aid rules and compliance with internal electricity market rules. 

Capacity remuneration mechanisms must be in line with the EU Rules on State Aid for Environmental 

Protection and Energy. The State Aid Rules are contained in the Guidelines on State Aid for Environmental 

Protection and Energy 2014-2020,42 which stipulate that member states have an obligation to inform the 

European Commission (EC) about planned mechanisms, if the planned aid amount is above €15 million per 

project. The Commission will take into account, among others and when applicable, of the following elements 

to be provided by the Member State:43 

(a) assessment of the impact of variable generation, including that originating from neighboring systems; 

 

42 European Commission, “Guidelines on State aid for environmental protection and energy 2014-2020,” Sec. 3.9, p. 38. 

https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:52014XC0628(01)&from=EN 
43 Ibid, Sec. 3.9.2, p. 39.  
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(b) assessment of the impact of demand-side participation, including a description of measures to 

encourage demand side management, 

(c) assessment of the actual or potential existence of interconnectors, including a description of 

projects under construction and planned, 

(d) assessment of any other element which might cause or exacerbate the generation adequacy 

problem, such as regulatory or market failures, including for example caps on wholesale prices. 

Following an analysis of the capacity remuneration mechanisms, the European Parliamentary Research Service 

published in 2017 a Briefing Report44 stating that the member states often resorted to the capacity-payment 

mechanisms without first adequately assessing their necessity, and that the cost-effectiveness analyses of the 

mechanism were an exception rather than the rule. In addition, the Report emphasizes that capacity 

remuneration mechanisms are not designed to address clearly identified problems related to the security of 

supply. 

The report recommends the following measures to improve the design of the capacity remuneration 

mechanism:  

• The capacity mechanism must match the identified adequacy issue. Long-term adequacy issues are 

best addressed through a market-wide mechanism, while temporary ones require transitional 

measures, such as strategic reserves.  

• For generation adequacy issues that are limited to a geographical area, improving grid connections and 

adapting the geographical boundaries of the bidding zones is likely to provide an appropriate solution. 

• Payments for reduction of electricity consumption at times of scarcity may be appropriate to 

encourage flexible demand, but should not turn into subsidies for energy-intensive consumers. 

• A competitive process should be used to determine the price paid for capacity. 

Capacity mechanisms should be open to capacity providers in neighboring Member States in order to 

incentivize investment in domestic and foreign capacity and in interconnection, as well as to reduce 

system costs. 

 CAPACITY MECHANISMS IN THE EU  

The Agency for the Cooperation of Energy Regulators (ACER) has identified five types of capacity 

remuneration mechanisms,45 shown in Figure 22.  

 

 

44  EPRS - European Parliamentary Research Service, “Capacity mechanisms for electricity,” May 2017, p. 5. 

https://www.europarl.europa.eu/RegData/etudes/BRIE/2017/603949/EPRS_BRI(2017)603949_EN.pdf 
45 ACER, Capacity Remuneration Mechanisms and the Internal Market for Electricity, July 2013, p. 5. 

http://www.acer.europa.eu/official_documents/acts_of_the_agency/publication/crms%20and%20the%20iem%20report%

20130730.pdf 
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       Source: ACER 

Figure 21 Capacity remuneration mechanism types 

For volume-based mechanisms, decision makers determine the required amount of capacity, while price and 

cost are determined based on market principles. On the other hand, in the price-based mechanisms, decision 

makers determine the available funds for these purposes, on the basis of which investors decide what amount 

of capacity they can offer for a given fund. 

Targeted mechanisms are targeted at specific power plants or technologies, while the application of market 

mechanisms allows participation of all potential service providers. 

For decentralized mechanisms, contracts are awarded on a bilateral basis, while for centralized mechanisms 

contracts are awarded centrally, e.g., through organized auctions.  

The basic characteristics of the above-mentioned types of capacity remuneration mechanisms are described 

below.46 

Strategic reserves are a type of capacity remuneration mechanism whereby a central agent (TSO or the 

government agency) determines the amount of capacity required for the next multi-year period and contracts 

the provision of services, usually through public bidding. Power plants that have concluded a contract for the 

provision of strategic reserve services cannot participate in the electricity market and can be activated only in 

the case of lack of capacity in the system, according to predefined criteria. The strategic reserves mechanism 

has been implemented in Belgium, Germany, Poland and Sweden. 

Capacity auction is a type of capacity remuneration mechanism through which the required capacity is 

determined several years in advance and its procurement is done centrally through an auction process. Capacity 

 

46 EPRS - European Parliamentary Research Service, Op. cit., fn. 44, p. 4. 
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bidding reflects the cost of building new generation capacity. This type of capacity remuneration mechanism 

has been applied in the UK. 

Capacity obligation is a mechanism whereby large customers or electricity suppliers have an obligation to 

contract an amount of capacity corresponding to their own estimate of future consumption or supply, plus 

the corresponding margin of the reserve. A confirmation of completed capacity leasing is usually provided in 

the form of a certificate issued by the service provider. Suppliers and customers are exposed to financial 

penalties if they do not contract the required capacity. This type of capacity mechanism has been implemented 

in France. 

A reliability option is a mechanism by which a service provider enters into an optional contractual relationship 

with a TSO, a large customer or supplier, which allows the counterparty the option of purchasing electricity at 

a predefined price. The contracting party will resort to this option in a situation of electricity shortages, when 

the market price of electricity exceeds the agreed price with the service provider. This type of capacity 

mechanism is planned in Italy. 

Capacity payment is a mechanism whereby fees are pre-determined by the regulator. Power plants that charge 

this kind of fee continue to participate in the wholesale energy market. This type of capacity mechanism has 

been applied in Italy, Poland, Portugal and Spain, while Ireland applies the market-based capacity payment. 

Figure 23 is a mapped outline of the capacity payment mechanisms in the EU, according to the information 

contained in the European Commission Report.47 

 

Source: European Commission 

Figure 22 Capacity payment mechanisms in the EU 

 

47 European Commission Staff Working document, Op. cit., fn. 40, p. 55. 
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 DIRECTIVE EC 2019/943 REQUIREMENTS 

The establishment of a single European model of capacity mechanism is hampered by the fact that security of 

supply falls within the competence of the member states, which are empowered to develop models that best 

suit their specific circumstances. 

In general, the European Commission considers that capacity payment mechanisms are a threat to competition, 

since they represent a certain form of state aid, which is especially noticeable if the reserve capacity market is 

restricted to the territory of an individual member state. Previous decisions by the European Commission on 

approving state aid related to the capacity-payment mechanisms do not protect member states from future 

legislative changes (recital 46 of the EC Directive 2019/943), which is a particularly important provision, given 

that the most decisions were made in the period 2016-2018.  

Article 21 of the Directive 2019/943 on the internal electricity market lays down general principles for capacity 

paying mechanisms, which states: 

1. Capacity payment mechanisms may be introduced as a last resort to remedy system inadequacy by 

applying the measures referred to in Article 20(3) of the Directive. 

2. Before introducing capacity mechanisms, the Member States concerned shall conduct a comprehensive 

study of the possible effects of such mechanisms on the neighboring Member States by consulting at 

least its neighboring Member States to which they have a direct network connection and the 

stakeholders of those Member States. 

3. Member States shall assess whether a capacity mechanism in the form of strategic reserve is capable 

of addressing the resource adequacy concerns. Where this is not the case, Member States may 

implement a different type of capacity mechanism. 

4. Member States shall not introduce capacity mechanisms where both the European resource adequacy 

assessment and the national resource adequacy assessment, or in the absence of a national resource 

adequacy assessment, the European resource adequacy assessment have not identified a resource 

adequacy concern. 

5. Member States shall not introduce capacity mechanisms before receiving an opinion on the 

implementation plan by the European Commission, as referred to in Article 20(5) of the Directive. 

6. Where a Member State applies a capacity mechanism, it shall review that capacity mechanism and shall 

ensure that no new contracts are concluded under that mechanism where both the European 

resource adequacy assessment and the national resource adequacy assessment, or in the absence of a 

national resource adequacy assessment, the European resource adequacy assessment have not 

identified a resource adequacy concern or the implementation plan has not received an opinion by 

the European Commission as referred to in Article 20(5) of the Directive. 

7. When designing capacity mechanisms Member States shall include a provision allowing for an efficient 

administrative phase-out of the capacity mechanism where no new contracts are concluded under 

paragraph 6 during three consecutive years. 

8. Capacity mechanisms shall be temporary. They shall be approved by the Commission for no longer 

than 10 years. They shall be phased out or the amount of the committed capacities shall be reduced 

on the basis of the implementation plans referred to in Article 20. Member States shall continue to 

apply the implementation plan after the introduction of the capacity mechanism. 
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Article 22 of the Directive lays down design principles for a capacity payment mechanism, which, inter alia, sets 

out separately the requirements referred to in paragraph 4: 

4. Capacity mechanisms shall incorporate the following requirements regarding CO2 emission limits: 

(a) from 4 July 2019 at the latest, generation capacity that started commercial production on or 

after that date and that emits more than 550 g of CO2 of fossil fuel origin per kWh of electricity 

shall not be committed or to receive payments or commitments for future payments under a 

capacity mechanism; 

(b) from 1 July 2025 at the latest, generation capacity that started commercial production before 

4 July 2019 and that emits more than 550 g of CO2 of fossil fuel origin per kWh of electricity and 

more than 350 kg CO2 of fossil fuel origin on average per year per installed kWe shall not be 

committed or receive payments or commitments for future payments under a capacity 

mechanism. 

The emission limit of 550 g CO2 of fossil fuel origin per kWh of electricity and the limit of 350 kg 

CO2 of fossil fuel origin on average per year per installed kWe referred to in points (a) and (b) 

of the first subparagraph shall be calculated on the basis of the design efficiency of the generation 

unit meaning the net efficiency at nominal capacity under the relevant standards provided for by 

the International Organization for Standardization. 

By 5 January 2020, ACER shall publish an opinion providing technical guidance related to the 

calculation of the values referred in the first subparagraph.48 

  

 

48 ACER OPINION No 22/2019 of 17 December 2019 

https://www.acer.europa.eu/Official_documents/Acts_of_the_Agency/Opinions/Opinions/ACER%20Opinion%2022-

2019%20on%20the%20calculation%20values%20of%20CO2%20emission%20limits.pdf. 
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