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EXECUTIVE SUMMARY 

In the framework of GRIDSOL project, WP5 aims at analysing scenarios where GRIDSOL is connected to 

the Continental European electric power system, in order to assess its operation in the EU electricity 

market and its impact on the interconnected transmission grid of the European Network of Transmission 

System Operators for Electricity (ENTSO-E). 

Deliverable D5.4 aims at assessing GRIDSOL economic and technical performances in order to identify 

the most cost-effective setup among the GRIDSOL and SRH configurations developed and provided by 

WP2. Some sensitivity analyses are also carried out in order to assess and evaluate GRIDSOL profitability 

under different assumptions. Simulations are performed by means of a market tool able to optimize 

GRIDSOL dispatching within the European wholesale electricity market. 

Furthermore, a quantitative analysis of the ancillary services framework in the main European countries 

which have favourable environmental conditions for GRIDSOL is reported, aimed at evaluating and 

quantifying the possible role of GRIDSOL in the provision of ancillary services in the different ancillary 

service markets. 

Finally, the impact that the introduction of high quantity of GRIDSOL plants in the EU electricity market 

has been assessed. 

A demonstrator software (called “Market Simulator for GRIDSOL”, MSG) for the assessment of the 

impact of GRIDSOL plants on the electricity market is also delivered, as final part of the deliverable D5.3. 

It is supplied together with the 2030 Sustainable Transition Scenario and enables the user to carry out 

sensitivity analysis focusing on GRIDSOL impact on the European system. Being the delivery of the 

demonstrator for the market analysis part of D5.3, it is not public, and it must be considered 

confidential within the Parties of the GRIDSOL Grant Agreement. 
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1. INTRODUCTION 

1.1. DOCUMENT STRUCTURE/OUTLINE 

This document is organized as follows: 

Chapter 1 introduces the topics with a focus on the overall structure of the analysis foreseen in WP5. 

Chapter 2 provides a description of scenarios on which the simulations have been based and of the 

GRIDSOL plant configurations, considering or not the CSP technology. 

Chapter 3 gives a detailed overview about the proposed methodology for the assessment of the 

expected profitability of GRIDSOL plants in the EU electricity market, respectively on Day Ahead and 

Ancillary Service Markets and the selection of the best performing solutions among the ones proposed 

by WP2.  

Chapter 4 includes the results obtained for all the considered configurations and comments concerning 

the impact of different aspects (such as investment cost, average market price) over the GRIDSOL 

profitability. It also deals with the value of the flexibility, with a summary concerning the low 

profitability of the analysed flexible configurations. 

Chapter 5 contains the main results obtained in four sensitivity analysis that have been carried on, 

concerning different scenario assumptions, different GRIDSOL technical operating conditions and 

different investment costs. 

Chapter 6 focuses on the impact that the introduction of high quantity of GRIDSOL plants in the EU 

electrical power system would have on the electricity market price, and consequently on producers and 

consumers benefits. 

Chapter 7 concludes the document with a summary of the presented methodology and the results of 

the analysis. 

Appendix I contains detailed description of the main assumptions of the scenario used in the simulations 

referred to TYNDP 2018. 

Appendix II describes in detail the ASM structure in each target country and the methodology used to 

assess average GRIDSOL and SRH revenues. 

Appendix III describes the demonstrator software MSG provided as final part of D5.3 that was used for 

the execution of the activities presented in this document. 

1.2. SCOPE 

The aim of this work is the analysis of the performance of different GRIDSOL plant configurations, 

developed by WP2, for five European target countries, respectively France, Greece, Italy, Spain and 

Portugal and the selection of the most profitable ones. The different configurations provided by WP2 

have been optimized on a price-based control strategy in contrast with the demand-based strategy 

applied for the Island case. For each location, three configurations have been analysed: for two of them, 
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a minimum amount of CSP with TESS has been considered together with a gas turbine fuelled 

respectively with biogas or natural gas, while the third configuration considers only PV, wind and 

storage technologies. 

 

The behaviour of the analysed GRIDSOL configurations in the European electricity market has been 

assessed by means of the power market simulator PROMEDGRID that requires, in input, technical details 

of the electricity market scenario and of the GRIDSOL and SRH power plants. As far as the first ones are 

concerned, the reference scenario used in the main analysis is the ‘Sustainable Transition’ scenario 

included in TYNDP 2018 developed by ENTSO-E [1]. Based on the results obtained by PROMEDGRID 

simulations, the economic performance of the different configurations have been ranked using as KPI 

the GMI (Gross Margin Index), defined as the ratio between the total power plant profit and the total 

project annuity.  

With reference to the assessment of GRIDSOL plant in the EU electricity market, the presented 

methodology allows WP5 to contribute to the overall project providing results which are necessary for 

the economic evaluation of the proposed GRIDSOL configurations. These key outcomes are for instance 

expected amount of energy produced by each part of the plant (PV, CSP, GT, etc.) together with the 

expected revenues and costs in the simulated scenario of the EU electricity market at the target year.  

In each country, the configurations granting the higher GMI value have been selected and used for 

further sensitivity analyses aiming at assessing the impact over the GRIDSOL profitability of: 

 Different scenario: new simulations have been run using the Distributed Generation 

scenario provided by ENTSO-E 

 Change of fuel and CO2 costs: fuel and CO2 costs from Distributed Scenario and Global 

Climate Action scenario are adopted 

 Change of GRIDSOL technical operating conditions: removal of the constraint that at least 

one synchronous generator should be always in operation 

 Variation of investment costs: possible reduction of BESS CSP and PV costs has been 

considered in the economic analysis 

Furthermore, the case of high number of GRIDSOL and SRH installed in the target Countries has been 

considered and the impact on their own profitability (and therefore their impact over electricity market 

prices) and the benefits for the overall European system (the so called Socio Economic Welfare) have 

been verified.  
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2. ASSUMPTIONS FOR SIMULATIONS 

In order to properly analyse the GRIDSOL behaviour in the European electricity market an essential 

stage is the definition of the scenarios where the GRIDSOL performance will be simulated and evaluated. 

At this scope, the long-term target year 2030 was identified. Year 2030 can be in fact considered as a 

bridge between the 20x20x20 European short term target (too close to the present day) and the 

ambitious decarbonisation target set by the European Energy Roadmap to be achieved by 2050.  

The simulations of the day-ahead market will be carried out with PROMEDGRID, a market tool able to 

perform an optimal coordinated scheduling of the generation set, with the aim of minimizing the overall 

generation cost or maximizing the market surplus. 

PROMEDGRID tool is based on a detailed model of the electric power system and requires as input: 

 technical details of the wholesale electricity market scenario 

 technical characteristics of GRIDSOL power plant. 

As far as the wholesale electricity market scenario is concerned, information included in the “TYNDP 

2018 Scenario Report” has been adopted. All scenarios have been designed with the support of 

stakeholders representing among others the industry, Member States and Regulators. 

For the target year 2030, there are three available scenarios: 

 Sustainable Transition (ST) 

 Distributed Generation (DG) 

 Global Climate Action (GCA) 

 

 

FIGURE 1:  TYNDP  2018  SCENARIOS 

 



 

 

 

D5.4 Assessment of GRIDSOL integration into the EU electricity market 13 

A set of suitable market areas where to perform the analysis for the Continental case was identified. The 

most promising detected areas are: 

 
 

 France: Marseille 

 Greece: Peloponnese 

 Italy: Puglia region 

 Spain: Extremadura 

 Portugal: Faro 

 

FIGURE 2:  SELECTED TARGET COUNTRIES 

 

Concerning the different GRIDSOL configurations, all the technical details have been set in WP2 

optimization analysis.  

For each country, three configurations have been provided and studied (see paragraph 2.2 for more 

details):  

 The first one considered a minimum amount of CSP with TESS, together with a gas turbine fuelled 

natural gas;  

 The second one is similar to the previous one, with the exception of the turbine, that if fuelled with 

biogas instead of natural gas;  

 Finally, the third configuration considers only PV, wind and one storage technology.  

2.1. TYNDP 2018 SCENARIO 

TYNDP Scenarios are characterized by different assumptions related to thermal merit order, demand 

consumption and renewable penetration.  

Here below a short review of the different analysed scenarios with a focus on the installed generation 

capacity and the demand in the target countries. Further detailed information can be found in Annex I. 

 2030 Sustainable Transition Scenario 

The main goal of the TYNDP ‘Sustainable Transition’ scenario (ST) is the achievement of a quick and 

economically sustainable CO2 reduction through a mix of national regulation and subsidies and 

emission trading schemes. 

 

 2030 Distributed Generation Scenario  

The Distributed Generation scenario (DG), that has been used for sensitivity analysis, considers a 

more decentralized development with focus on end user technology. For all the considered countries 

higher demand (except France) and higher RES share in the mix of installed capacity with respect to 

the main scenario is expected in 2030. 
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 2030 Global Climate Action Scenario  

The Global Climate Action scenario foresees a lower growth in terms of RES penetration and load 

with respect to the Sustainable Transition scenario to achieve the decarbonisation process.  

Table 2 provides a schematic view of the thermal dispatching merit order and of the expected growth in 

terms of storage and RES. 

It can be noticed that all 2030 scenarios are “Gas Before Coal” scenarios, meaning that the marginal 

cost of the most performing gas technology (Combined Cycle Gas Turbine) is lower than the most 

performing coal technology. This scenario characteristic is coherent with the decarbonisation target set 

by the European Energy Roadmap.  

As regard storage system, Distributed Generation Scenario is the only one where a very high growth is 

considered, coherently with a more decentralized development of the system. 

  Sustainable 

Transition (ST) 
Distributed 

Generation (DG) 
Global Climate 

Action (GCA) 
Merit Order Gas Before Coal Gas Before Coal Gas Before Coal 

Storage Low growth Very high growth Moderate growth 
RES Moderate growth High growth High growth 

TABLE 2  TYNDP  2018  SCENARIOS CHARACTERISTICS  

 

As far as expected energy consumption is concerned, a growth in heating/cooling and transport system 

justifies the higher load expectation in DG scenario. On the contrary, GCA scenario models the 

achievement of the 2030 climate and energy targets as agreed by the European Council in 2014 also 

including an energy efficiency target of 30%. Expected load and RES penetration in all TYNDP2018 

different target years and scenarios, is reported in Figure 3. 

 

 

FIGURE 3:  TYNDP  2018  ELECTRICITY DEMAND [TWH/YEAR] 
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Because of the above mentioned topics, the Sustainable Transition scenario has been selected as 

reference scenario since it foresees a more equilibrated  and realistic generation mix, growth in terms of 

RES penetration, storage and load with respect to the other ones. ST scenario is in fact a so called 

“bottom-up” scenario where all information were provided by the TSOs of each countries and is 

considered the most realistic one in terms of installed capacity and demand growth. Distributed 

Generation and Global Climate Action, as they were deemed to be more challenging and less close to 

future European Electricity Market conditions evolution scenarios, have been considered for further 

sensitivities analysis. By taking into account contrasting scenarios that reflect the same boundary 

conditions for all countries but that differ in some key assumptions, it is possible to capture a realistic 

range of possible future pathways and give a broad range of feasible results. 

Table 3 resumes the expected electricity demand in all the selected countries and scenarios. It can be 

noticed that the highest demand in 2030 is expected in France and Italy, that at European level 

represent respectively the second and third country in terms of internal load.  

Node 
Name 

Country 
Name 

Demand ST 2030 
[TWh] 

Demand DG 2030 
[TWh] 

Demand EUCO 2030 
[TWh] 

ES Spain 281.8 292.9 272.7 

FR France 464.0 464.0 498.0 

GR Greece 59.4 64.3 50.9 

IT Italy 362.3 377.7 318.0 

PT Portugal 53.1 59.0 49.2 

TABLE 3: ELECTRICITY DEMAND FOR THE TARGET COUNTRI ES,  2030  ST  SCENARIO  

As far as the forecasted electricity installed capacity mix is concerned, in all the countries a high RES 

penetration can be evidenced, and is the DG scenario where the renewable penetration is highest. 

   

 

FIGURE 4:  INSTALLED CAPACITY MIX,  

2030  ST  SCENARIO 
FIGURE 5:  INSTALLED CAPACITY MIX,  

2030  DG SCENARIO 
FIGURE 6:  INSTALLED CAPACITY MIX,  

2030  GCA  SCENARIO 
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2.2. GRIDSOL CONFIGURATIONS 

All the technical details concerning the different GRIDSOL configurations proposed for the five target 

countries have been set in WP2 optimization analysis and used as input information for the simulations 

run with PROMEDGRID. In order to explain some key concept, a clarification concerning the differences 

among the considered configurations, their characteristics and the final sizes proposed by WP2 are 

going to be discussed in the following paragraphs. 

The aim of GRIDSOL project is to enable flexible generation and grid stability through Smart Renewable 

Hubs that consist in a combination of renewable energy sources, such as solar energy, wind energy, 

energy storage and back-up systems that could allow to meet the electricity demand curves.  

In particular, two main possible combinations of technologies have been considered in the analysis. The 

first one is identified in this work as Smart Renewable Hub ‘SRH’, obtained from the optimization of the 

plant considering the combination of at least two RES technologies and storage. The result is a mix of 

different sizes of PV and Wind generators for low cost energy production, together with BESS 

technology needed to provide flexibility of the generation. 

The second one – a subset of the Smart Renewable Hub defined above – is called ‘GRIDSOL’ and 

considers, in addition to PV and BESS, the presence of CSP, a TESS and of a gas/biogas turbine that can 

grant higher flexibility and grid stability. The schema in figure below, tries to graphically explain this 

concept. 

 

FIGURE 7:  GRIDSOL  PROJECT CONCEPT  

2.2.1. GRIDSOL CONFIGURATIONS 

The main scheme of the GRIDSOL configuration is the one reported in the Figure 8. 

As previously discussed, it includes PV and BESS technologies together with CSP with TESS and a gas 

turbine, that has been considered to be fuelled respectively with biogas or natural gas. In this work the 

two configurations are identified as ‘gas-fuelled GRIDSOL’ and ‘biogas-fuelled GRIDSOL’, depending on 

the fuel that is being used for the gas turbine. 

 

The GRIDSOL project 

Smart Renewable Hubs (SRH) 

GRIDSOL plant 

CSP and (bio) GT create a combined cycle, 
decoupled through HYSOL and TES, for long-

term regulation and firmness 

PV and Wind provide bulk, low-cost energy. 
Batteries provide short-term regulation 
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FIGURE 8:GRIDSOL  SCHEME 

Here below a brief description of the components: 

 PV and Wind power plant whose energy production depends on the considered location and on the 

plant efficiency. They benefit from a dispatching priority within the SRH.  

 CSP, a Concentrating Solar Power technology which uses the heat to generate pressurized steam 

used to produce electricity by means of the Steam Turbine. 

 Hot Molten Salts Tank, the Thermal Energy Storage System (TESS) used to collect the thermal energy 

from CSP for later use. This system enables the solar thermal power plants to operate just like a 

conventional fossil fuel power plant, reliably generating electricity when it’s needed most. The 

thermal energy channelled into the TESS comes from the CSP system and the GT heat recovery (if in 

operation). 

 Gas Turbine, a traditional Open Cycle Gas Turbine that can be fired up with natural gas (subject to 

CO2 emissions) or biogas fuel and that is provided with a heat recovery system. 

 Steam Turbine, similar to the traditional thermal power plants but uses solar radiation as a primary 

resource (it extracts the thermal energy from pressurized steam and used it to do mechanical work).  

 Battery Energy Storage System (BESS), capable to store the PV, steam turbine and gas turbine 

energy production in order to increase the flexibility of the GRIDSOL system. The opportunity of 

shifting the energy production and consumption is connected with the storage capacity of the BESS. 

2.2.2. SMART RENEWABLE HUB (SRH) 

Differently from the classical GRIDSOL configurations, the Smart Renewable Hub (SRH) configuration 

considers only two different generation technologies and one storage technology. 

The optimal SRH configurations provided by WP2 for each country are two and have been obtained in 

two different modes: a first one, called ‘SRH lowest LCOE’, aims at ensuring the lowest LCOE and the 

result maximizes the installed PV and minimizes wind power and BESS capacity. 

https://en.wikipedia.org/wiki/Thermal_energy
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When the LCOE of the ‘SRH lowest LCOE’ configuration is below the average electricity price of the 

country, a second SRH configuration is proposed, called ‘SRH flexible’, which increases the flexibility 

offered by SRH keeping the LCOE lower than the average electricity price, mainly through the adoption 

of BESS with higher capacity. 

 

FIGURE 9:  SRH  SCHEME 
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2.2.4. CONFIGURATIONS PROVIDED BY WP2 

Here below a summary table of the different configurations provided by WP2. More details can be 

found in the Deliverable D2.6 (Preliminary Energy Mix Determination Report). 

In all the target countries no differences in terms of components size are found in case GRIDSOL 

configuration is fuelled with natural gas or biogas. This is mainly due to the fact that biogas-fuelled 

turbine and gas-fuelled gas turbine have similar marginal production costs. In fact, biogas fuel is more 

expensive with respect to gas, but no CO2 costs are expected. 

Comparing the sizes of the configurations in the five countries it is worth noting that Italy is the only 

country for which smaller BESS capacity has been considered. PV installed capacity strongly depends on 

the land availability constraints introduced in the optimization model used by WP2. 

As far as SRH configurations are concerned, the main difference is about the BESS size, that is higher for 

the flexible configurations since they have been optimized to grant higher flexibility. In addition, a 

higher installed wind power is reached due to its second position in the cost merit order below the 

average market price.  
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Location 
Puglia 

IT 
Extremadura 

ESP 
Peloponnese 

GRC 
Marseille 

FRA 
Faro 
POR 

Natural Gas-fuelled GRIDSOL 

WIND Power [MW] - - - - - 

PV Power [MW] 70 175 70 68 105 

BESS Power [MW] 2 10 10 10 10 

BESS Capacity [h] 1 1 1 1 1 

GT Power [MW] 5 10 10 10 10 

ST Power [MW] 10 25 25 25 25 

TESS Capacity [h] 9 11 6.5 8 3 

Location 
Puglia 

IT 
Extremadura 

ESP 
Peloponnese 

GRC 
Marseille 

FRA 
Faro 
POR 

Biogas- fuelled GRIDSOL 

WIND Power [MW] - - - - - 

PV Power [MW] 70 175 70 70 105 

BESS Power [MW] 2 10 10 10 10 

BESS Capacity [h] 1 1 1 1 1 

GT Power [MW] 5 10 10 10 10 

ST Power [MW] 10 25 25 25 25 

TESS Capacity [h] 5 12 5 10 5 

Location 
Puglia 

IT 
Extremadura 

ESP 
Peloponnese 

GRC 
Marseille 

FRA 
Faro 
POR 

Lowest LCOE SRH  

WIND Power [MW] 2 2 2 2 2 

PV Power [MW] 70 175 70 70 105 

BESS Power [MW] 1 1 1 1 1 

BESS Capacity [h] 1 1 0.5 1 1 

GT Power [MW] - - - - - 

ST Power [MW] - - - - - 

TESS Capacity [h] - - - - - 



 

 

 

D5.4 Assessment of GRIDSOL integration into the EU electricity market 21 

Location 
Puglia 

IT 
Extremadura 

ESP 
Peloponnese 

GRC
1
 

Marseille 
FRA 

Faro 
POR 

Flexibility SRH 

WIND Power [MW] 10 8 10 10 12 

PV Power [MW] 70 175 52 70 105 

BESS Power [MW] 10 18 81 64 21 

BESS Capacity [h] 14 9 0.5 1.5 7 

GT Power [MW] - - - - - 

ST Power [MW] - - - - - 

TESS Capacity [h] - - - - - 

TABLE 4  CONFIGURATIONS TECHNICAL DETAILS  

 

                                                           

 

 

1 “Flexible SRH” configuration analysed for Greece in Deliverable D5.4 is slightly different from 

configuration reported in Deliverable D2.6 (Preliminary Energy Mix Determination Report – 04/06/2018) 

because it was provided by WP2 prior to the last optimization carried out during Task 2.6. The minor 

variations do not substantially change market analysis conclusion. 
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3. METHODOLOGY FOR THE ASSESSMENT OF OPTIMAL GRIDSOL 

CONFIGURATION 

The methodology that is going to be presented in this chapter aims at the identification of the best 

performing GRIDSOL configurations for each target Country among the ones proposed by WP2 on the 

basis of a simple economic indicator in order to focus the detailed analysis and the sensitivity studies on 

these. 

The considered key performance indicator used to identify the most profitable configuration is the Gross 

Margin Index (GMI), calculated as follows: 

𝑮𝒓𝒐𝒔𝒔 𝑴𝒂𝒓𝒈𝒊𝒏 𝑰𝒏𝒅𝒆𝒙 𝑮𝑴𝑰𝒊,𝒄,𝒕 = 
𝑹𝒊,𝒄,𝒕 − 𝑭𝒊,𝒄,𝒕 −𝑴𝒊,𝒄,𝒕

𝑬𝑨𝑪𝒊,𝒕
 

Where: 

𝒊: index of the considered configuration of GRIDSOL 

𝒄: index of the Country considered in the analysis 

𝒕: specific Scenario year considered in the analysis 

𝑮𝑴𝑰𝒊,𝒄,𝒕: Gross Margin index of the configuration 𝒊 in the Country 𝒄 in the year 𝒕 

𝑹𝒊,𝒄,𝒕: revenues on the day-ahead and ancillary services markets of the configuration 𝒊 in the year 𝒕 in the 

Country c (output of PROMEDGRID simulations) 

𝑭𝒊,𝒄,𝒕: fuel consumption of the configuration 𝒊 in the year 𝒕 in the Country c (output of PROMEDGRID simulations) 

𝑴𝒊,𝒄,𝒕: annual operation and maintenance expenditure of the configuration 𝒊 in the year 𝒕 in the Country c 

(calculated based on information provided by WP2 and GRIDSOL production calculated by PROMEDGRID) 

𝑬𝑨𝑪𝒊,𝒕: equivalent annual cost of GRIDSOL 

 

The inputs required to its evaluation are related to expected profit on Day Ahead Market and Ancillary 

Services Market and investment costs. 

With regard to the investment costs of different GRIDSOL configurations, they are provided by WP2, 

while concerning the profits, they have been calculated using the output information from the 

simulations performed with PROMEDGRID, that provide: 

 the amount of expected produced energy for each part of the GRIDSOL plant 

 the expected energy price profile 

 Operational costs, that include: 

 fuel costs, based on the specific fuel consumption of GRIDSOL technology and fuel prices 

 maintenance costs, obtained by the sum of a fixed value and a variable value linked to the 

produced energy. The fixed value and the coefficient for the variable part with respect to the 

actual production are related to GRIDSOL characteristics (such as the technology and the plant 

dimension). 
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These information are sufficient to calculate the expected profit that GRIDSOL could get from the Day 

Ahead Market, basically as the product between the hourly expected zonal price and the energy 

production, minus the variable costs.  

𝑇𝑜𝑡𝑎𝑙 𝑌𝑒𝑎𝑟𝑙𝑦 𝑃𝑟𝑜𝑓𝑖𝑡𝐷𝐴𝑀 = 

∑ 𝐸𝑛𝑒𝑟𝑔𝑦 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (ℎ) ∗ 𝑀𝑎𝑟𝑘𝑒𝑡 𝑃𝑟𝑖𝑐𝑒 (ℎ)

8760

ℎ=0

− 𝑂&𝑀 − 𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡𝑠 − 𝐶𝑂2𝑐𝑜𝑠𝑡𝑠 

Concerning the revenues from Ancillary Services Market, some assumptions have been made due to the 

extremely diversified rules and logics currently used in the target Countries, to its continuous evolution 

and to the lack of data and information applicable to 2030 scenarios. Here below a short synthesis of the 

main concept and of the applied procedure is proposed, while further details are proposed in Appendix 

II. 

The main steps that have been then followed to calculate the possible revenues from ASM are resumed 

in the following schema. 

 

FIGURE 10: ASM  REVENUES SCHEMA  

 

ASM revenues 

Define the list of services 
sourced and the average 

offering price 

Calculation of the available 
reserve 

Establish an average 

“Percentage of activation” 
 

Calculation of indicative 
GRIDSOL and SRH revenues 

on ASM 

 

 

 

1 

4 

3 

2 
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1. As first step, a list of services sourced in each country to which GRIDSOL can take part on the basis 

of Country specific constraints (i.e. minimum bid, band reservation, symmetry of the offers) was 

prepared, together with average historical prices. Table 5 provides a schematic summary of the 

services that have been considered in each country among Primary, Secondary and Tertiary Reserve 

and the average prices (for the Upward activated reserve) that have been calculated from historical 

data series.  

As regard primary reserve, France and Greece are the only countries where the service is 

remunerated.  

Concerning Secondary and Tertiary reserve, the participation of a thermal power unit is allowed only 

if it meets some technical requirements, such as a minimum installed capacity and a minimum 

available band reserve. Both services foresee that only requested and activated energy is 

remunerated, with the exception of French and Spanish remuneration schemes that include also 

capacity remuneration.  

Currently, capacity mechanisms foresee that big power plants offer a band of their available reserve 

and are payed for it, contributing to the safeguard the system against the possibility of power 

shortages. In this analysis, due to the existing capacity mechanism scheme and to the uncertainty of 

its future evolution, it has been assumed that GRIDSOL and SRH power plants, due to their relatively 

small size, are not remunerated for their capacity.  

In fact, as far as SRH configurations are concerned, it is reasonable to consider that they are not able 

to offer a fixed band of reserve throughout the whole day (for example during the night or during 

cloudy days); in case of gas or biogas-fuelled GRIDSOL configurations, it can be assumed that – even 

if the constraint that a synchrounous generator should always be in operation is considered - the 

available band that GRIDSOL could offer is very small with respect to the band required by the 

system. Hence it can be assumed that the small capacity offered is unlikely to be accepted by the 

TSO with respect to other plants in operation.  

In any case, calculations shown that possible further revenues from capacity remuneration in Spain 

and France for GRIDSOL would be very low and would not strongly affect GRIDSOL and SRH Ancillary 

Services Market outcomes in terms of profitability. Besides that, as further analysis will show, 

Ancillary Services Market contribution in terms of revenues (compared to Day Ahead Market 

revenues) are a very small part (less than 10%). This leads to conclude that even if in the future 

some mechanism will change, no big changes are expected in terms of GRIDSOL profitability. 

Since intra-day market is currently under development in Greece, due to the lack of detailed 

information concerning its mechanism, possible revenues from Greek ASM have not been 

considered in the analysis. 

More details can be found in Appendix II. 
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Country Primary Reserve Secondary Reserve Tertiary Reserve 

Italy N.A 
Average Prices 

(Activated Energy) : 
122.0 €/MWh Upward 

Average Prices 
(Activated Energy) : 

86.7 €/MWh Upward 

Spain/Portugal N.A Marginal Price payments 
Average Prices 

(Activated Energy): 
49.4 €/MWh Upward 

France 
Average Prices 

(Activated Energy): 
34.09 €/MWh Upward 

Average Prices 
(Activated Energy): 

29.0 €/MWh Upward 

Average Prices 
(Activated Energy) : 

50.8 €/MWh Upward 

Greece 
Average Prices 

(Activated Energy): 
10 €/MWh Upward 

Average Prices 
(Activated Energy): 
10 €/MWh Upward 

N.A 

TABLE 5  L IST OF SERVICES SOURCED AND AVERAGE HYSTORICAL PRICES IN DIFFERENT ASM 

2. Calculation of the available reserve (upward/downward) on the basis of the DAM results for each 

GRIDSOL configuration. Table 6 contains an example regarding the Upward and Downward reserve 

calculation for the steam turbine.  

For example, the possible downward reserve capacity that the Steam Turbine could offer in the ASM 

in a generic hour of the year is a function of its operating condition in that hour. In case the turbine 

is not working, no reserve can be offered. On the contrary, it has been assumed that it can reduce 

its capacity up to its technical minimum. 

As regard the Upwards reserve capacity, Steam Turbine is allowed to offer it only if in operation. In 

this case, the Upwards Reserve capacity takes into account the maximum ST installed capacity and 

the level of the Thermal Storage System (Lh−1
TES 2*εST).  

 Reserve Upward Reserve Downward 

Steam Turbine 

Secondary Reserve/ Tertiary Reserve 

 If 𝑃ℎ
𝑆𝑇=0 :  𝑅𝑆𝑇,𝑈𝑃ℎ= 0 

 IfPh
ST > 0: 

 RST,UPh=MIN( PST,max − Ph
ST; Lh−1

TES 3) 

 

 If 𝑃ℎ
𝑆𝑇=0 ;  𝑅𝑆𝑇,𝐷𝑂𝑊𝑁ℎ=0 

 If Ph
ST > Pmin

ST  

 RST,DOWNh=Ph
ST − Pmin

ST    

TABLE 6  UPWARD AND DOWNWARD RESERVE CALCULATION  

                                                           

 

 

 

 
3
 Lh−1
TES  is the TESS energy level in the previous time step  
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3. As a further step, an estimation of the amount of available reserve that could be effectively used in 

the ASM is provided. The so called ‘Percentage of activation’ [%] can be defined as the probability 

for GRIDSOL to be selected by the TSO to offer secondary and tertiary reserve. In fact, not all the 

available reserve calculated for GRIDSOL on the basis of DAM results is expected to be used in the 

ASM because of the competition with other qualified production units. As a consequence, its 

accepted offers depend on the merit order of the other offers and on the reserve energy required 

by the system. The percentage of activation values reported in the following table have been 

calculated by taking into account the behaviour in terms of offered and accepted energy of an 

Italian CCGT during the year 2015. It therefore resumes the probability for a GRIDSOL unit to be 

selected by the TSO and is used to calculate the amount of expected accepted energy and the 

associated revenues and costs. Same values have been used for all the target countries, because of 

the lack of specific data in each of them. 

 Upward Energy Activation [%] Downward Energy Activation [%] 

Secondary Reserve 5 % 10 % 

Tertiary Reserve 10 % 25 % 

TABLE 7: PERCENTAGE OF ACTIVATION  

4. Calculation of the possible revenues on ASM. In the example below, the procedure followed to 

calculate yearly profit from Upward Reserve (secondary or tertiary) is presented.  

GRIDSOL (or SRH) offers its available upward reserve only in case the average market price at which 

it would be paid is higher than the cost it should afford to activate the service (𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 >

𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛).  

If this condition is verified, the yearly profit is calculated considering that only a part of the offered 

capacity is activated (𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑎𝑠) ∗ % 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 ) and, for this amount of energy, 

revenues from the market and costs of activation (i.e. fuel costs) are assessed multiplying for the 

difference between the average market price and the average activation price ∗ (𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 −

𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛). 

{
 
 

 
 𝑖𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 > 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑤),𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑎𝑠) ∗ % 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 ∗ (𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 − 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛)

𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 < 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑤) = 0;𝐺𝑟𝑖𝑑𝑠𝑜𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑜𝑓𝑓𝑒𝑟 𝑖𝑡𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

 

 

Once all the information about costs and revenues are available, the chosen key performance indicator 

GMI can be calculated. 

As regard the EAC parameter (equivalent annual cost of the GRIDSOL), it has been calculated as follow: 

𝑬𝑨𝑪𝒊,𝒕 =
(𝑫𝒊𝒔𝒄𝒐𝒖𝒏𝒕 𝑹𝒂𝒕𝒆) ∗ (𝑪𝑨𝑷𝑬𝑿𝒊)

𝟏 −
𝟏

(𝟏 + 𝑫𝒊𝒔𝒄𝒐𝒖𝒏𝒕 𝑹𝒂𝒕𝒆)𝒏

 

𝒏: number of years (20) over which the plant is expected to be 
financed, corresponding also to its lifetime. 
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The discount rate used for the analysis has been assumed to be equal to 7.5%, basing on average 

discount rates for CSP projects reported by IRENA [2] and FRAUNHOFER [3].  

However, a sensitivity analysis on the impact of the discount rate has also been performed considering 

values of 5% and 10%. 

The methodology presented in the previous paragraphs has been followed to identify, in each target 

Country, the best performing GRIDSOL configurations on the basis of the economic indicator ‘GMI’ that 

requires the assessment of possible profit from DAM and ASM and the investment costs of all the 

configurations. Subsequently, as schematized Figure 11, GMI values are used to rank GRIDSOL and SRH 

performance and to select the most profitable configurations. 

 

FIGURE 11: METHODOLOGY SCHEMA 
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4. RESULTS 

In this chapter the results obtained from the analysis performed using the 2030 Sustainable Transition 

scenario will be presented, shown for every target country and for the different configurations selected 

by WP2: 

 Biogas-fuelled GRIDSOL 

 Gas-fuelled GRIDSOL 

 SRH Flexible 

 SRH lowest LCOE 

Table 8 resumes the calculated GMI for each analyzed configuration and country, while below some 

comments are proposed. 

GMI [%] 
Biogas-fuelled 

GRIDSOL 
Gas-fuelled 

GRIDSOL 
SRH Flexible 

SRH Lowest 
LCOE 

Italy 89% 93% 99% 171% 

Spain 60% 61% 72% 87% 

France 57% 61% 117% 155% 

Greece 69% 70% 112% 190% 

Portugal 52% 53% 78% 100% 

TABLE 8: GMI  RESULTS,  7.5%  DISCOUNT RATE,  20  YEAR LIFETIME 

Considering the SRH cases, it can be noticed that the Gross Margin Index assumes higher values with 

respect to the ones of the GRIDSOL provided with gas turbine configurations meaning that, from an 

economic point of view, it is possible to obtain more advantages removing the CSP and TESS 

components.  

As regard SRH configurations, the best performing is the one obtained minimizing the LCOE: the SRH 

lowest LCOE configuration is in fact  able to grant higher revenues on the Day-Ahead-market with 

respect to the flexible configuration, that is instead more profitable on the ASM. However, SRH flexible 

configuration higher revenues on the Ancillary Services Market are not enough to cover the higher 

investment costs needed for the increased flexibility provided by the bigger BESS.  
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FIGURE 12: 2030  ST  SCENARIO,  GMI  RESULTS  

 

As a general result, for all configurations DAM revenues are much higher than ASM revenues (Figure 13; 

Figure 14). This can be explained considering that: 

 GRIDSOL and SRH power plants can provide high amount of downward reserve but a limited amount 

of upward reserve because in general the production is already maximized on DAM 

 GRIDSOL and SRH power plants must compete with many other power plants and for this reason the 

expected activated reserve margin is very low  

The following figures also show for GRIDSOL (gas-fuelled) and SRH (flexible), the different equivalent 

annual investment costs and profits from DAM and ASM. 

It can be noticed that in all the countries (except Greece, where no revenues from ASM have been 

considered) the Smart Renewable Hubs allow higher profit from ASM, due to the higher flexibility 

offered by the BESS. France is the country in which the higher difference in terms of profit from ASM can 

be observed. The main reason is that in France only units with installed power of at least 120 MW are 

obliged to offer secondary capacity, and since only SRH flexible configuration fulfills this constraint 

(144 MW), it has been the only one for which profit from Secondary Reserve service has been 

calculated.  
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FIGURE 13: GAS-FUELLED GRIDSOL  CONFIGURATION:  ASM  +  

DAM  REVENUES VS INVESTMENT COST  
FIGURE 14: SRH  FLEXIBLE CONFIGURATION: ASM  + DAM  

REVENUES VS INVESTMENT COST  

GMI strongly depends on Investment Costs and the most expensive technologies - which have a 

negative impact on profitability - are CSP and BESS. In particular, the CSP represents the highest 

contribution to the initial investment cost of GRIDSOL configurations, while the BESS cost particularly 

affects the total investment cost of SRH flexible configurations (see Figure 15).  

As a matter of fact, the big BESS size and consequent high costs that characterized SRHs flexible 

configurations, make them less profitable with respect to SRH lowest LCOE, because the higher flexibility 

on the ASM does not compensate the additional required investment.  

 

 

FIGURE 15: TOTAL INVESTMENT COSTS [M€]  

As already mentioned, the higher flexibility deriving from the installation of a bigger BESS implies also an 

increase of the configuration Investment Costs; as a consequence, flexible configurations result to be 

not profitable from an investor point of view. It can be interesting to evaluate the investment costs for 
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the Battery Energy Storage System required to guarantee at least a 100% GMI. The analysis has been 

carried out for all SRH configuration that won’t be profitable under the actual investment costs 

assumptions, which means configuration located in Spain, Portugal and Italy (see Table 8). 

Results of this sensitivity analysis show that – keeping fixed the installed BESS capacity – the investment 

cost decrease required is respectively of: 

 92% in Spain, meaning that no reasonable BESS cost reduction can alone fulfil the flexible 

configuration profitability (this would mean a cost reduction from 360 €/MWh to 18 

€/MWh, that can be considered impossible to achieve).  

 55% in Portugal: a cost reduction from 360 €/MWh to 180 €/MWh would cause SRH flex 

configuration to become profitable in Portugal. 

 1% in Italy: in the Italian market areas, SRH flexible configuration already achieves a GMI 

equal to 99%, and only a very small cost reduction is therefore required in order to reach 

the complete profitability.  

 

These results are also resumed in table below. 

 ES PT IT 

BESS capacity [MWh] 162 147 140 

BESS Investment Cost [M€] 59 54 51 

PV+Wind Installed Capacity (MW) 183 117 80 

PV+Wind Investment Cost [M€] 137 85 62 

Total Investment Cost [M€] 196 145 113 

Revenues ASM+DAM [M€/year] 13.9 11.0 11.0 

GMI  [%] 72% 78% 99% 

BESS Cost reduction required [%] 92% 55% 1% 

TABLE 9: BESS COST REDUCTION [%]  IN ORDER TO REACH THE PROFITABILITY  

The above analysis investigate the required BESS Investment Cost (IC) reduction needed to ensure a GMI 

≥ 100%, and therefore to ensure a positive profitability for all flexible SRH configuration. The analysis 

focused only on the BESS investment cost reduction because its size is the only element that diversifies 

Lowest LCOE configuration (always profitable) with respect to the flexible one.  

A further analysis on the impact of the reduction of other GRIDSOL elements (in particular PV 

technology) investment cost is proposed in chapter 5.5. 

A similar analysis can be also carried out for the gas-fuelled GRIDSOL configurations that, as reported in 

Table 8, can never be considered profitable (GMI is always lower than 100%). Figures below show the 

investment cost allocation in the different countries, and reveal that CSP Investment costs, for example, 

impact for more than 50% of the total costs. On the other side, BESS contribution to the total 

investment costs is negligible (always lower than 3% of the total). 
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FIGURE 16: INVESTMENT COST ALLOCATION BETWEEN GT,  BESS,  PV  AND CSP  TECHNOLOGIES,  BIO-FUELLED GRIDSOL   

 

Under the assumption that PV, ST, BESS, GT and TESS investment costs do not change and keeping the 

same CSP size, we can calculate the investment cost decrease needed for the CSP technology in order to 

assure positive revenues for GRIDSOL configuration in each country. 

Results summarized in the table below show that we need to reduce the CSP investment costs 

respectively of: 

 14% for the GRIDSOL configuration located in Italy 

 57% for the GRIDSOL configuration in France 

 78% for the GRIDSOL configuration in Spain 

 91% for the GRIDSOL configuration in Portugal 

 45% for the GRIDSOL configuration in Greece 

GRIDSOL IT FR ES PT GR 

GMI 93.3% 61.2% 60.5% 53.0% 70.0% 

Total Investment Cost (IC) [M€] 112.6 194.7 285.7 188 188.5 

DAM revenues 10.1 11.7 16.4 9.3 13 

ASM revenues 0.2 0 0.6 0.4 0 

Revenues DAM+ASM [M€] 10.3 11.7 17 9.7 13 

CSP IC [M€] 55.79 131.13 143.93 97.92 123.6 

PV IC [M€] 51.72 50.32 128.61 76.88 51.72 

BESS IC [M€] 1 5 5 5 5 

GT+HYSOL IC [M€] 4.1 8.2 8.2 8.2 8.2 

CSP required cost reduction [%] 14% 57% 78% 91% 45% 

 

As underlined above, the proposed analysis investigate the required CSP investment cost reduction 

needed to ensure a GMI ≥ 100%, and therefore to ensure a positive profitability for all gas-fuelled 

GRIDSOL configuration. The analysis focused only on the CSP cost reduction because this technology is 

responsible for more than half the total investment costs.  

A further analysis on the impact of the reduction of other GRIDSOL elements (in particular PV 

technology) investment cost is proposed in chapter 5.5. 
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For all GRIDSOL configurations, most of the energy is produced by PV power plant and Steam Turbine 

power plant, while Gas Turbine production is limited at hours when energy market prices are sufficiently 

high or when it is forced by the constraint that at least one synchronous generator must be always in 

operation. In all countries the GRIDSOL renewable content is higher than 80%, the threshold considered 

in the design. Please note that a biogas-fuelled GRIDSOL configuration always guarantee a 100% of 

renewable energy content in GRIDSOL power plant. 

  

FIGURE 17  GRIDSOL GAS-FUELLED CONFIGURATION:  ENERGY PRODUCTION [GWH/YEAR]  &  RENEWABLE ENERGY CONTENT [%] 

 

Comparing the results obtained for two GRIDSOL configurations reported in Figure 18, the highest value 

of the Gross Margin Index is found for the one using natural gas. Natural Gas configuration is in fact 

characterized by higher steam and gas turbine efficiency values, affords lower fuel costs and is able to 

get higher revenues with respect to biogas case. It is important to underline that gas configuration is 

more desirable with respect to biogas one, also because of the easier fuel procurement and the price 

stability during time. 
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FIGURE 18: GAS-FUELLED AND BIOGAS-FUELLED GMI 

 

It is worth noting that in Spain none of the analyzed configurations reaches a GMI value higher or at 

least equal to 100%, meaning that none of the configurations (considering a discount rate of 7.5%) is 

profitable from an investor point of view. This can be explained mainly because of low average market 

prices that are responsible of the low GMI values of both lowest LCOE and flexible configurations. In 

case of flexible configurations, GMI values are further lower, due also to the higher investment costs for 

bigger BESS and TESS capacity). 

Figure 19 shows the impact that a lower or higher discount rate would have over the GMI of the 

selected ‘best performing’ configurations. The dotted line (referred to 7.5% discount rate) defines the 

border between configurations with GMI index higher (those below) or lower (those above) than 100%. 

It means that the configuration in the upper part of the graph are not able to guarantee the 7.5% rate of 

return on the investment.  

In case the investor would accept a lower rate of return (grey line represents 5 % value), also SRH lowest 

LCOE configurations in Spain and Portugal would be considered profitable (they move in the area below 

the line which defines the profitability level). 

On the contrary, a higher expectation on the rate of return (for example 10%), would reduce the set of 

configurations that would be considered profitable from the investor point of view. 
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FIGURE 19  EXPECTED GRIDSOL  AND SRH  PROFITABILITY FOR DIFFERENT DISCOUNT RATE 
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4.1.2. RESULTS TABLE 

Table 10 contains the detailed results obtained for the different analysed configurations in the five 

considered target countries in terms of: 

 Gross Margin Index [%] 

 Gas Turbine energy production [GWh/year] 

 Steam Turbine energy production [GWh/year] 

 PV+WIND Production [GWh/year] 

 BESS energy production [GWh/year] 

 Investment Cost [M€] 

 Average Market price [€/MWh] 

 DAM revenues [M€] 

 ASM revenues [M€] 

In all simulation the GRIDSOL/SRH plant Nominal Power Output (𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿/𝑃𝑆𝑅𝐻) has been considered 

as the sum of the installed capacity of all component: 

𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 = 𝑃𝑃𝑉 + 𝑃𝑊𝐼𝑁𝐷 + 𝑃𝐺𝑇 + 𝑃𝑆𝑇 + 𝑃𝐵𝐸𝑆𝑆 

𝑃𝑆𝑅𝐻 = 𝑃𝑃𝑉 + 𝑃𝑊𝐼𝑁𝐷 + 𝑃𝐵𝐸𝑆𝑆 

Limiting the optimal nominal power would not be convenient from an economic point of view because it 

would move the power plant behavior away from the optimal dispatching and – on the other side – 

money savings in terms of investment costs would be limited. In fact, each component (PV, Wind, Steam 

Turbine and Gas Turbine) have to be dimensioned on the basis of its maximum nominal power. 

It can be interesting to note that the total GRIDSOL production is most of the time lower than PV + Wind 

+ Steam Turbine installed power. As a general rule – keeping in mind that total revenues could be 

slightly reduced –  it would be possible to limit the nominal power to this value (PV+ST installed 

capacity).  

𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 ≥ 𝑃𝑃𝑉 + 𝑃𝑆𝑇 + 𝑃𝑊𝐼𝑁𝐷 

𝑃𝑆𝑅𝐻 ≥ 𝑃𝑃𝑉 + 𝑃𝑊𝐼𝑁𝐷 
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Location 

Puglia Marseille Extremadura Faro Peloponnese 

ITA FRA ESP POR GRC 

Natural Gas-fuelled GRIDSOL 

GMI [%] 93.3% 61.2% 60.5% 53.0% 70.0% 

Gas Turbine Production [GWh/year] 4.8 9.4 4.3 8.0 8.8 

Steam Turbine Production [GWh/year] 26.6 70.1 93.9 55.7 58.9 

PV+WIND Production [GWh/year] 108.2 108.9 305.8 194.3 113.5 

BESS Production [GWh/year] 0.5 3.3 4.0 4.0 2.4 

Investment Cost [M€] 112.6 194.7 285.7 188.0 188.5 

Average Market Price [€/MWh] 92.2 87.4 73.8 74.3 94.7 

DAM Revenues 10.1 11.7 16.4 9.3 13.0 

ASM Revenues 0.2 0.0 0.6 0.4 0.0 

Biogas- fuelled GRIDSOL 

GMI [%] 89.1% 56.5% 59.7% 52.4% 68.5% 

Gas Turbine Production [GWh/year] 4.5 8.9 3.7 6.5 6.6 

Steam Turbine Production [GWh/year] 24.0 61.1 101.5 53.3 57.3 

PV+WIND Production [GWh/year] 108.2 112.0 305.8 194.3 113.5 
BESS Production [GWh/year] 0.5 3.3 4.0 4.0 2.4 

Investment Cost [M€] 110.3 193.7 292.9 190.9 186.3 

Average Market Price [€/MWh] 92.2 87.4 73.8 74.3 94.7 

DAM Revenues 9.6 10.7 16.8 9.3 12.5 

ASM Revenues 0.0 0.0 0.35 0.47 0.0 

SRH lowest LCOE  

GMI [%] 170.5% 155.4% 87.2% 100.4% 189.5% 

Gas Turbine Production [GWh/year] 0.0 0.0 0.0 0.0 0.0 

Steam Turbine Production [GWh/year] 0.0 0.0 0.0 0.0 0.0 

PV+WIND Production [GWh/year] 111.9 114.6 307.7 196.0 113.5 
BESS Production [GWh/year] 0.2 0.3 0.3 0.3 0.1 

Investment Cost [M€] 54.6 54.6 131.4 79.7 52.1 

Average Market Price [€/MWh] 92.2 87.4 73.8 74.3 94.7 

DAM Revenues 9.1 8.3 11.2 7.8 9.7 

ASM Revenues 0.0 0.0 0.1 0.0 0.0 

SRH flexibility  

GMI [%] 99% 117.2% 72% 77.6% 112% 

Gas Turbine Production [GWh/year] 0 0 0 0 0 

Steam Turbine Production [GWh/year] 0 0 0 0 0 

PV+WIND Production [GWh/year] 126.9 125.3 313.4 204.8 91.9 
BESS Production [GWh/year] 8.1 20.9 26.1 27.3 7.5 

Investment Cost [M€] 112.6 105.3 196.3 144.6 75.9 

Average Market Price [€/MWh] 92.2 87.4 73.8 74.3 94.7 

DAM Revenues 10.3 10.9 12.9 9.9 8.3 

ASM Revenues 0.7 1.2 1.0 1.1 0.0 

TABLE 10: GRIDSOL  RESULTS   
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4.1.3. FLEXIBILITY ANALYSIS 

From the results presented in the previous paragraphs (seeTable 8),  the best performing configuration 

is always the Lowest LCOE Smart Renewable Hub configuration. In addition to the economic analysis, it 

can be however interesting to evaluate the value of flexibility, in order to better understand the drivers, 

the advantages and the disadvantages related to the characteristic of the different configurations. The 

analysis will focus on both flexible and lowest LCOE SRH and on the gas-fuelled GRIDSOL configuration 

(biogas-fuelled configurations have the same size of the components as in the gas-fuelled ones, as a 

consequence they grant the same performance in terms of flexibility). 

Three KPIs have been defined to evaluate the BESS and TESS performance in terms of flexibility in the 

target Countries. The first two (KPI1 and KPI2) have been used to assess the BESS performance, while the 

third KPI (KPI3) makes it possible to assess the TESS performance, and therefore has been evaluated only 

for the gas-fuelled configuration. 

The first one (KPI1) measures the amount of energy that has been displaced by the BESS during the year 

with respect to the total energy produced by GRIDSOL. It is defined as the ratio between the energy 

injected from the battery into the grid with respect to the energy production from variable (PV and 

Wind) and non-variable (Steam and Gas turbine, if present) energy sources.  

 

𝑲𝑷𝑰 𝟏[%] =
𝑬𝑩𝑬𝑺𝑺,𝒐𝒖𝒕𝒑𝒖𝒕

𝑬𝑷𝑽+𝑾𝒊𝒏𝒅 + 𝑬𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 + 𝑬𝑮𝒂𝒔 𝑻𝒖𝒓𝒃𝒊𝒏𝒆
 

Where:  
o 𝑬𝑩𝑬𝑺𝑺,𝒐𝒖𝒕𝒑𝒖𝒕 [MWh] is the overall amount of energy output of the battery during the 

whole year 
o 𝑬𝑷𝑽+𝑾𝒊𝒏𝒅  [MWh] is the total PV and Wind energy production 
o 𝑬𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 [MWh] is the total Steam turbine energy production 
o 𝑬𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 [MWh] is the total Gas turbine energy production 

 

 

The second key performance indicator (KPI2) measures the capability of the system to provide power 

when required by the electric system, considering dispatchable and non-dispatchable technologies. It is 

defined as the ratio between the installed power of dispatchable technologies (BESS, Steam and Gas 

turbines) with respect to the plant installed power (PV, Wind, Steam and Gas turbines). 

𝑲𝑷𝑰𝟐[%] =
𝑷𝑩𝑬𝑺𝑺 + 𝑷𝑮𝒂𝒔 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 + 𝑷𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆

𝑷𝑷𝑽+𝑾𝒊𝒏𝒅 + 𝑷𝑮𝒂𝒔 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 + 𝑷𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆
 

Where:  
o 𝑷𝑩𝑬𝑺𝑺 [MW] is the installed BESS power 
o 𝑷𝑮𝒂𝒔 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 [MW] is the installed Gas turbine power 
o 𝑷𝑺𝒕𝒆𝒂𝒎 𝑻𝒖𝒓𝒃𝒊𝒏𝒆 [MW] is the installed Steam turbine power 
o 𝑷𝑷𝑽+𝑾𝒊𝒏𝒅  [MW] is the installed PV and Wind power 
o  
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The last one (KPI3) has been considered only for the gas-fuelled GRIDSOL configuration since it aims at 

assessing the flexibility offered by the TESS. It measures the ability of the Thermal Energy Storage 

System to move energy production from hours with low price to hours with higher one (when the 

system needs more energy). It is calculated as the ratio between the amount of the ST energy output 

during hours characterized by an high market energy price (greater than the yearly average value), and 

the overall energy in the CSP. 

 

𝑲𝑷𝑰𝟑[%] =
∑ 𝑬𝑺𝑻,𝒐𝒖𝒕𝒑𝒖𝒕(𝒉)
𝒉∗
𝒉=𝟎

∑ 𝑬𝑪𝑺𝑷(𝒉)
𝟖𝟕𝟔𝟎
𝒉=𝟎

 

Where:  

o ∑ 𝑬𝑺𝑻 ,𝒐𝒖𝒕𝒑𝒖𝒕(𝒉)
𝒉∗
𝒉=𝟎  [MWh] is the overall amount of energy output of the steam 

turbine during hours of the year (h*) when market energy price is higher than the 
yearly average value 

o ∑ 𝑬𝑪𝑺𝑷(𝒉)
𝟖𝟕𝟔𝟎
𝒉=𝟎  [MWh] is the incoming energy in the CSP during the whole year that 

could by exploited by the steam  turbine to produce energy  
 

 

As far as gas-fuelled GRIDSOL are concerned, in all the countries the size of the different technologies do 

not change among gas or biogas-fuelled configurations; as a consequence, both configurations have 

similar flexible characteristics.  The value of the KPIs for the case of France are reported in Figure 20.  

KPI1 assumes very low values, meaning that very little of the total GRIDSOL energy production flows 

through the battery. 

KPI2 value assumes a value of 43% for the biogas case and 44% for the natural gas case meaning that 

almost half part of the installed capacity can be attributed to non-dispatchable technologies. Finally, 

KPI3 index indicates that almost 24 % of the steam turbine energy output has been concentrated in 

hours when energy price was sufficiently convenient. 

 

FIGURE 20: KPI  FOR GAS-FUELLED AND BIOGAS-FUELLED TURBINE  

 

It can be worth comparing the value of the flexibility offered by the two SRH configurations. The indexes 

used to perform the analysis are the KPI1 and KPI2 (KPI3 has not been considered since no Steam turbine 

and TESS are present in SRH cases). 



 

 

 

D5.4 Assessment of GRIDSOL integration into the EU electricity market 40 

The first two columns of Table 11 provides a schematic overview of the values calculated for the two 

indices, while the third column contains the values of the three indices calculated for the gas-fuelled 

GRIDSOL configuration. 

 SRH Flexible SRH Lowest LCOE GRIDSOL gas-fuelled 

 
France 

 KPI 1 : 6.4 % 
 KPI 2 : 80.0 % 

 KPI 1 : 0.2 % 
 KPI 2 : 1.4 % 

 KPI 1: 1.8 % 
 KPI 2: 43.7 % 
 KPI 3: 26.6 % 

 
Spain 

 KPI 1: 8.3 % 
 KPI 2: 9.8 % 

 

 KPI 1: 0.1 % 
 KPI 2: 0.6 % 

 

 KPI 1: 1.0% 
 KPI 2: 21.4 % 
 KPI 3: 30.5 % 

 
Italy 

 KPI 1: 6.4 % 
 KPI 2: 12.5 % 

 KPI 1: 0.2 % 
 KPI 2: 1.4 % 

 KPI 1: 0.4 % 
 KPI 2: 20.0 % 
 KPI 3: 14.4 % 

 
Portugal 

 KPI 1: 13.3 % 
 KPI 2: 17.9 % 

 KPI 1: 0.2 % 
 KPI 2: 0.9 % 

 KPI 1: 1.5 % 
 KPI 2: 32.1 % 
 KPI 3: 27.4% 

 
Greece 

 KPI 1: 8.2 % 
 KPI 2: 128.6 % 

 KPI 1: 0.1 % 
 KPI 2: 1.4 % 

 KPI 1: 1.3 % 
 KPI 2: 42.9 % 
 KPI 3: 13.2 % 

TABLE 11: KPI  FOR SRH  CONFIGURATIONS  

 

In all the target countries, the highest values for KPI1 and KPI2 are found for the flexible Smart 

Renewable Hub configurations, that were found to be the ones with lowest GMI values (with respect to 

the SRH lowest LCOE configuration). Flexible configurations are characterized by higher installed wind 

power and higher BESS capacity that, despite its consequent higher investment cost, is also able to 

displace a higher amount of energy. 

For example, Figure 21 reports the values of the two KPI (KPI1 and KPI2) and of the GMI for the two SRH 

configurations and for the Gas-fuelled GRIDSOL in France. It can be observed that the lowest values of 

the two KPIs is found for the SRH lowest LCOE configuration, that is the one that grants the highest 

profitability with a value of GMI index equal to 155%.  

Analyzing the other two configurations (SRH flexible and GRIDSOL gas-fuelled), it is worthwhile noting 

that the use of a larger BESS instead of a TESS entails both higher flexibility performances, and higher 

profitability (in terms of GMI). 
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FIGURE 21  FLEXIBILITY KPIS AND GMI  COMPARISON: FRENCH CASE  
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5. SENSITIVITIES 

Starting from the best configurations selected in each target Country on the basis of their GMI value, 

presented in the previous chapter, the following sensitivity analyses have been performed: 

 Distributed Generation scenario 

 Fuel and CO2 price variation with respect to the 2030 ST scenario 

 Removal of the turbines constraint in the 2030 ST scenario 

 Variation of the investment cost of the most expensive technologies in the 2030 ST scenario 

While the first two proposed sensitivities concern the impact of scenario variations (in terms of demand, 

fuel and CO2 costs and installed power of all the technologies in EU) on GRIDSOL and SRH performance, 

the latter one is more focused on a variation in the way the plant is operated, since it consists in the 

analysis of the different configurations behaviour in case the constraint that at least one of the 

synchronous generator must be working is released. In the following subchapters the main hypothesis 

and the obtained results are presented. 

5.1. DG SCENARIO 

The Distributed Generation scenario (DG) is one of the three scenarios proposed in TYNDP 2018 and has 

been introduced in chapter 2. Table 12 provides a schematic comparison among Sustainable Transition 

and Distributed Generation scenarios of the expected future development of different technologies in 

2030.  

 

  
Sustainable Transition 

(ST) 
Distributed Generation 

(DG) 

Power 

Merit Order Gas Before Coal Gas Before Coal 

Nuclear Reduction Reduction 

Storage Low growth Very high growth 

Wind Moderate growth High growth 

Solar Moderate growth Very high growth 

Other bio-energies Moderate growth High growth 

CCS Not significant Not significant 

Adequacy Some surplus capacity Some surplus capacity 

Non-fossil gas sources 
Power-to-Gas Not significant High growth 

Bio-methane High growth High growth 

TABLE 12: ST  AND DG SCENARIOS,  MAIN ASSUMPTIONS  

 

As far as the installed capacity is concerned, the Distributed Generation scenario for the target year 

2030 foresees an increase of the overall installed capacity in the EU Countries of 12 % mainly due to the 

higher RES penetration (+30 % than 2030 ST scenario) and of the final demand (+4 %). Finally, the fuel 

prices are expected to have the same values in both scenarios except for the CO2 price that in the DG 

case is 41 % lower.  
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One of the main consequence of the different scenario is a reduction of the average market prices in all 

the considered countries, and, consequently, of the expected possible revenues for GRIDSOL and SRH, 

as reported in the table below.  

[€/MWh] 2030 ST scenario 2030 DG scenario 

FR 87.4 73.0 

ES 73.8 53.3 

IT 92.2 77.9 

PT 74.3 58.4 

GR 94.7 78.4 

TABLE 13: AVERAGE MARKET PRICES,  ST  AND DG SCENARIO 

However, despite the reduction of average market prices, it is worth analysing the daily average 

electricity price profile, reported in Figure 22, and evidencing how it could influence GRIDSOL behaviour. 

The example below refers to the case of Italy, and reports the daily average price profiles in case 

Sustainable Transition or Distributed Generation Scenarios are used. It can be noticed that: 

 the trend of the two curves is similar, with peak prices concentrated mainly during morning and 

evening hours 

 the average price profiles of the DG scenario is lower during all day with the only exception of the 

evening peak 

 In DG scenario the price difference among peak and off-peak hours is higher with respect to the ST 

curve 

 

FIGURE 22: DAILY AVERAGE PRICE PROFILES,  SOUTH ITALY MARKET ZONE  

 

The main consequence of the different price profile between the two scenarios is that gas turbine, in the 

DG scenario is exploited to produce energy during peak hours more than in the ST scenario, due to the 
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higher price convenience. This is evidenced in the two following figures, that can be used to compare 

the different GT behaviour in case of ST or DG scenarios. (Figure 23; Figure 24) 

 
 

 

FIGURE 23: ST  SCENARIO: DAILY AVERAGE PROFILES,  SOUTH ITALY 

MARKET ZONE  
FIGURE 24: DG SCENARIO: DAILY AVERAGE PROFILES,  SOUTH ITALY 

MARKET ZONE 

 

In both scenarios, PV production is concentrated in the central hours of the day, when average energy 

prices are lower. The Gas Turbine, instead, concentrates its production during evening hours, when 

average prices are higher. However in the Distributed Generation scenario a higher increase of its 

production can be observed. 

The higher use of the GT implies also higher fuel and O&M costs for its operation. This condition, 

together with lower average market prices in the DG scenario, is responsible for the lower profitability 

of GRIDSOL configurations, as can be noticed from Table 14 that contains the new values of GMI.  

As far as SRHs performances are concerned, lower average market prices are responsible for the 

lowered profitability of the configurations in all the target countries in case the Distributed Generation 

Scenario is used instead ofthe Sustainable Transition one. 

 GRIDSOL: Gas-fuelled turbine SRH: Lowest LCOE 

 2030 ST 2030 DG 2030 ST 2030 DG 

France 56 % 50 % 155 % 130 % 

Spain 59 % 38 % 87 % 58 % 

Italy 93 % 76 % 171 % 141 % 

Portugal 53 % 46 % 100 % 94 % 

Greece 70 % 56 % 190 % 153 % 

TABLE 14  GMI  VALUES IN DG  AND ST  SCENARIOS  
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5.2. FUEL & CO2 PRICE 

This sensitivity analysis aims at evaluating the profitability of GRIDSOL and SRH in case a variation in 

terms of fuel and CO2 prices with respect to the ones proposed in the Sustainable Transition scenario is 

considered.  

The new prices have been selected from the other two scenarios proposed by TYNDP 2018, respectively 

Distributed Generation and Global Climate Action scenario. Figure 25 reports the expected marginal 

costs of the main technologies (CCGT new and Hard Coal New) in case fuel and CO2 prices of the three 

scenarios are used. Fuel and CO2 prices assumptions are presented in Table 15. Distributed Generation 

scenario fuel prices are in line with the ones of the ST scenario but considers lower CO2 price. The Global 

Climate Action scenario includes both fuel and CO2 reduced prices. 

 

FIGURE 25: MARGINAL COST FOR DIFFERENT TYNDP2018  SCENARIOS  

 

  
Fuel & CO2 prices 

  
ST Scenario 

GCA 
Scenario 

DG 
Scenario 

€/net GJ 

Nuclear 0.47 0.47 0.47 

Lignite 1.1 2.3 1.1 

Hard coal 2.7 4.3 2.7 

Gas 8.8 6.9 8.8 

Light oil 21.8 20.5 21.8 

Heavy oil 17.9 14.6 17.9 

Oil shale 2.3 2.3 2.3 

€/ton CO2 price 84.3 27.0 50.0 

TABLE 15: TYNDP  2018  SCENARIOS,  FUEL AND CO2  COSTS ASSUMPTIONS  

 

The main consequence of the fuel and CO2 prices reduction is a decrease of average energy market 

prices, that affects negatively the possible GRIDSOL and SRH revenues from DAM. The values obtained 

from simulations are reported in Figure 26; in all the target countries the higher reduction of average 

market prices is found in case fuel and CO2 prices of the GCA scenario are used.  
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FIGURE 26  AVERAGE MARKET PRICE-  SCENARIOS DG AND GCA FUEL PRICES  

 

The following Figures show the variation in terms of GMI of the two main configuration. The Figure 27 

contains the information about GRIDSOL configurations, Figure 28 concerns the SRHs. In both cases it 

can be observed that, in all the target countries the average energy market price reduction strongly 

affects the profitability of the different configurations, leading to a strong reduction of the GMI values.  

  

 

FIGURE 27: GMI  [%]   GRIDSOL  NATURAL GAS FUELLED  FIGURE 28: GMI  [%]   SRH  LOWEST LCOE  FUEL AND CO2 PRICES 

SCENARIOS  
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5.4. TURBINE CONSTRAINT 

The classic configuration of GRIDSOL plant has been conceived to make stable and programmable the 

electricity generation from renewable energy sources and to help maintaining the grid stability through 

the provision of ancillary services such as frequency regulation and balancing services. For this reason a 

constraint that one synchronous generator, the Steam Turbine or the Gas Turbine, shall always be in 

operation has been considered and implemented in the model. The presence of this constraint implies 

that one between GT and ST has to produce  at its technical minimum even when there is not economic 

convenience to do it. 

This sensitivity analysis aims at evaluating the economic impact of this constraint in the day ahead 

market and in the ancillary services market. 

The following figures (Figure 29 and Figure 30) report the average day production of the two GRIDSOL 

turbines in case the constraint is considered or released, for the case of Italy.  

 

 

FIGURE 29: AVERAGE DAILY PRODUCTION IF TURBINE CONSTRAINT IS  ACTIVE 
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FIGURE 30: AVERAGE DAILY PRODUCTION IF TURBINE CONS TRAINT IS  NOT  ACTIVE  

 

Comparing the two cases, the production of the gas turbine in case the constraint is released lowers by 

93%, and consequently the also the production from the Steam Turbine is lower. Focusing on the 

GRIDSOL revenues, the removal of the constraints causes a strong reduction of the ASM revenues (that 

were mainly due to the available reserve offered by the gas turbine), while, on the other hand, the 

incomes from DAM increase, due to the lower variable costs afforded.  

As a final result, GMI is higher when the turbine constraint is removed, as reported in Table 16 that 

summarize the values calculated for all the target countries. 

GMI 
Constraint 

Yes 
Constraint 

No 

Italy 93% 96% 

Spain 61% 63% 

France 61% 66% 

Greece 70% 74% 

Portugal 53% 56% 

TABLE 16: GMI  WITH AND WITHOUT TURBINE CONSTRAINTS  
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5.6. INVESTMENT COSTS  

A final sensitivity analysis aims at assessing the impact over gas-fuelled GRIDSOL and SRH flexible 

profitability in case lower costs of the most expensive technologies, respectively CSP and PV for gas-

fuelled GRIDSOL, and BESS and PV for the SRH flexible, are considered. 

For the two configurations, the following investment cost variations have been used to assess the new 

GMI values, that have been then compared with the GMI values found in the base scenario (2030, 

Sustainable Transition): 

 -15 % of investment cost: 

o SRH: -15% of the BESS investment cost 

o SRH: -15 % of the PV investment cost 

 

o Gas-fuelled GRIDSOL: -15% of the CSP investment cost 

o Gas-fuelled GRIDSOL: -15% of the PV investment cost 

 

 -30 % of investment cost: 

o SRH: -30% of the BESS investment cost 

o SRH: -30% of the PV investment cost 

 

o Gas-fuelled GRIDSOL: -30% of the CSP investment cost  

o Gas-fuelled GRIDSOL: -30% of the PV investment cost 

The following figures are referred to the two configurations installed respectively in Spain and France 

and are useful to compare – by means of the new GMI values – the impact that a cost variation of the 

most expensive technologies (CSP or PV for gas-fuelled GRISOL; BESS or PV for SRH flexible) would have 

over the configurations profitability.  

The first two figures (Figure 31 and Figure 33) refer to the gas-fuelled GRIDSOL configurations. As 

already mentioned, the most expensive technologies are the Concentrating Solar Power and the PV. 

Considering the case of Spain, it can be observed that the reduction of the two costs have the same 

impact over the plant profitability, in fact, the Spanish configuration is characterized by similar total 

initial investment costs for the CSP and the PV. As regard the French case, the CSP investment cost 

reduction is able to grant higher GMI increase with respect to PV costs variation scenario. In case of -

30% of CSP investment cost, the GMI value increases by 24% but remains still below 100%.  
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On the right, Figure 32 and Figure 34 refer to the flexible SRH configurations, whose most expensive 

components are the BESS and the PV system. In Spain, higher profitability of the plant is grant in case of 

lowered PV investment costs are considered, however also a -30 % of initial PV or BESS investment cost 

is not sufficient to allow a 100 % of GMI value. Moving to the French context, both PV or BESS cost 

reduction allows higher profitability of the plant, whose GMI value was already above 100 %. 

 

  

 

FIGURE 31: Gas-Fuelled Investment cost (IC) 
variation in Spain 

FIGURE 32  SRH  FLEXIBLE INVESTMENT COST (IC)  

VARIATION IN SPAIN 
 

FOR COMPLETENESS,  the following table ( 

 

TABLE 17) offers an overview of the impact that the considered cost variations have on the GMI values, 

reporting the expected percentage increase of the GMI with respect to the base case scenario for all 

different analysis.  

 

TABLE 17  GMI  INCREASE FOR DIFFERENT INVESTMENT COST SCENARIOS  

 
 PV BESS CSP 

 
 

-15% -30% -15% -30% -15% -30% 

ES 
Gas-Fuelled GRIDSOL +7% +16% - - +8% +18% 

SRH Flexible +11% +25% +7% +14% - - 

FR 
Gas-Fuelled GRIDSOL +3% +8% - - +11% +25% 

SRH Flexible +8% +17% +7% +14% - - 

GR 
Gas-Fuelled GRIDSOL +4% +9% - - +11% +24% 

SRH Flexible +8% +18% +5% +12% - - 

IT 
Gas-Fuelled GRIDSOL +7% +16% - - +8% +17% 

SRH Flexible +7% +16% +7% +16% - - 

PT 
Gas-Fuelled GRIDSOL +7% +14% - - +8% +19% 

SRH Flexible +9% +19% +7% +14% - - 
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6. EXPECTED REVENUES IN THE COUNTRIES FROM WHOLESALE 

ELECTRICITY MARKET – MULTIPLE GRIDSOL PLANTS PER COUNTRY 

The final part of the analysis presented in this Deliverable consisted in the assessment of the impact of 

the installation of a high number of GRIDSOL plants into the overall EU electricity market.  

To evaluate how many new hypothetical GRIDSOL power plants should be added in each country, 

considering the Sustainable Transition scenario for the target year 2030, a reasonable GRIDSOL  

penetration criteria has been adopted:  

 A total amount of 10 GRIDSOL/SRH power plants has been considered in Italy and in France. In both 

country, in fact, the provisional demand forecast for the target year 2030, Sustainable Transition 

Scenario, is higher than 350 TWh/year (see Figure 33): the introduction into the system of 10 

GRIDSOL/SRH power plants, therefore, lead to a reasonable 0.4% ratio between the total GRIDSOL 

production and the zonal electricity demand. An higher GRIDSOL penetration by the target year 

2030 is considered less likely. 

 As for Spain, two aspects have to be taken into account: the provisional 2030 electricity demand is 

lower (less than 300 TWh/year), and the production of a single GRIDSOL power plant is higher with 

respect to the other GRIDSOL configuration thanks to the very big PV power plant considered (see 

Figure 33, right axis). For both these reasons, the maximum amount of GRIDSOL power plants is for 

sure lower than 10 pp. We assumed as a reasonable value a penetration of 6 power plants that will 

lead to a 0.9% ratio between the total GRIDSOL production and the zonal electricity demand. 

 Demand forecast for both Greece and Portugal is below 100 TWh/year for the target year 2030, ST 

scenario. A less amount of GRIDSOL power plants can therefore be installed. We assumed as a 

reasonable value a penetration of 4 power plants in Greece and only 2 power plants in Portugal.  

 

 

FIGURE 33: LOAD AND PV  PRODUCTION [TWH/YEAR]  WITH RESPECT TO A SI NGLE GRIDSOL  PRODUCTION [GWH/YEAR]  IN THE 

DIFFERENT COUNTRIES  
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GRIDSOL power plant IT FR ES PT GR 
n# GRIDSOL 10 10 6 2 4 

% GRIDSOL prod./Load 0.4% 0.4% 0.9% 0.9% 1.2% 
% GRIDSOL prod. /PV prod. 4% 5% 3% 15% 12% 

TABLE 18: MAXIMUM GRIDSOL  POWER PLANT INSTALLED IN THE DIFFERENT COUNTRIES  

 

To facilitate results comparison, the same number of SRH power plants in each country has been 

assumed and evaluated. 

Once the final number of GRIDSOL and SRH to be installed in every country is defined, the impact of 

their penetration in the EU electricity Market has been evaluated in terms of Social Welfare and CO2 

saving. The results are discussed in the following subchapters. 

 

6.1.1. METHODOLOGY 

The introduction of high quantity of GRIDSOL plants in the EU electrical power system is supposed to 

have an influence on the electricity market price, thus affecting the benefits which producers and 

consumers can have by selling/buying activities. The following paragraphs give a short explanation of 

the methodology used to calculate the benefit for the overall system, focusing on the producer surplus, 

consumer surplus and congestion rent. The sum of these three values is defined as Socio-Economic 

Welfare (SEW) or Social Welfare. 

Δ𝑆𝐸𝑊 = ΔConsumer Surplus +  ΔProducer Surplus +  ΔCongestion Rent 

 Consumer surplus is an economic measure of consumer satisfaction, which is calculated by analysing 

the difference between what consumers are willing to pay for electricity relative to its market price.  

 Producer surplus is the amount that electricity producers benefit by selling at a market price that is 

higher than the least that they would be willing to sell for.  

 Congestion rent is equal to the capacity of an interconnector times its marginal social value, 

calculated as the price differential between two connected markets. Price differences between 

bidding areas occur when the surplus volume at system price in one or more bidding area is greater 

than the total export capacity from this/these areas. The sales and purchase curves then have to be 

balanced taking the transmission capacity into account. This will lead to a relatively low price in the 

surplus area and a relatively high price in the deficit area – utilizing the maximum capacity between 

the areas. These price differences generate an ownerless income on the spot market trading flow 

from the area with a lower price to the area with a higher price. This income (or cost) is the 

congestion rent. 

Based on the Social Welfare it is possible to define the methodology to understand the benefits for the 

overall system.  

The economic benefit is calculated from the variation of the three components shown before and is 

caused by the introduction of the new element in the system. A new power plant can, in fact, facilitate 

increased competition between generators and helps reducing the price of electricity to final 
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consumers. The methods do not consider market power (the EU electricity market will be considered as 

a perfectly competitive market) and, under the assumptions of inelastic demand, the variation of socio-

economic welfare can be considered as a variation in generation costs.  

GRIDSOL installed capacity can also help reducing emissions. in regard to CO2, it can be interesting to 

quantify its reduction in [ton/year], but it is worth noting that its variation is already included in SEW 

and therefore it’s important to avoid double-counting.  

6.1.2. RESULTS 

The first consideration concerns the variation of the average market prices in all the considered target 

countries. Analysing Figure 32, it can be noticed that the higher penetration of GRIDSOL has the effect of 

reducing the average market prices, for the majority of the target countries. This condition is particularly 

relevant in France and Spain. No significant price effect has been detected in Greece where there is a 

slightly (lower than 0.4%) increase in the average market price. 

Figure below is helpful to understand the counter-trend behavior of the high penetration of Smart 

Renewable Hub in Greece: 

 Both GRIDSOL and SRH power plants have the effect of reducing the average daily price during the 

hours where PV production is concentrated 

 This average price reduction during the central hours of the day, causes the need for the marginal 

thermal fleet to increase their offer during the peak hours of the evening in order to recover profit 

losses 

 More GRIDSOL power plants, thanks to the Thermal Energy Storage System and the presence of the 

Steam Turbine and Gas Turbine (able to guarantee flexible generation), prevent average market 

prices during the evening peak from a further increase (with respect to the scenario where no 

GRIDSOL/SRH power plants are included in the system). 

 On the contrary, when more SRH (both the Lowest LCOE and le flexible configuration) are expected, 

an average increase of more than 1 €/MWh can be noted during the evening peak. In fact, the small 

size of the battery energy storage system in terms of capacity (0.5 equivalent hours) does not allow 

to provide peak sheaving and therefore does not allow to prevent an increase of the prices in the 

evening peak. 
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FIGURE 34: AVERAGE DAILY PRICE PROFILE IN GREECE UNDER DIFFERENT GRIDSOL/SRH  PENETRATION ASSUMPTIONS. 

 

Table below resumes the average zonal price reduction under the assumption of introducing more 

GRISOL/SRH power plants. 

 

FIGURE 35: PRICE REDUCTION BY INTRODUCING MORE GRIDSOL/SRH  [%] 

 

Price reduction causes a reduction in the profitability index of GRIDSOL and SRH power plants as 

reported in table below. 

GMI IT FR ES PT GR 
One single GRIDSOL 93% 61% 61% 53% 70% 

More GRIDSOL 92% 60% 57% 53% 70% 
TABLE 19: RESULTING GMI  WITH HIGHER GRIDSOL  PENETRATION  
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GMI IT FR ES PT GR 
One single SRH LCOE 171% 155% 87% 100% 190% 

More SRH LCOE 168% 152% 75% 91% 190% 

TABLE 20: RESULTING GMI  WITH HIGHER SRH  LCOE  PENETRATION  

 

GMI IT FR ES PT GR 
One single SRH flex 99% 117% 72% 78% 112% 

More SRH flex 98% 116% 65% 72% 112% 

TABLE 21: RESULTING GMI  WITH HIGHER SRH  FLEX PENETRATION  

 

We can notice that Greece does not experience any reduction in the profitability index GMI because of 

the very low impact on the average market price. On the contrary, Spain is the country where the 

profitability is reduced the most. The impact of more SRH lowest LCOE power plants on the system is 

higher, while the presence of a big electrical storage system in the SRF flexible configuration helps 

reducing the price variation effect. 

 

 

FIGURE 36: GMI  REDUCTION ASSOCIATED  WITH AN INCREASE IN GRIDSOL/SRH  INSTALLED POWER PLANTS 

It is important to underline that the introduction of more GRIDSOL/SRH power plants contributes to 

increase the system overgeneration (OG, the total surplus of generation with respect to the total 

electricity demand). It means that part of the energy introduces by GRIDSOL/SRH configuration have to 

be cut in order to keep the system balance. Figure below shows that the increase in the total 

overgeneration in quantifiable in about 1 TWh/year and is higher when a high penetration of SRH 

configuration is considered. As a consequence, in this case the thermal replacement with renewable 

energy is less effective. This aspect contributes to increase the CO2 reduction related to GRIDSOL power 

plants compared to SRH power plants. 
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FIGURE 37: GRIDSOL/SRH  PRODUCTION WITH RESPECT TO THE EXPECTED INCREASE OF OVERGENERATION  

As far as Social Economic Welfare is concerned, table below resumes the Consumer Surplus, Producer 

Surplus and Congestion rent variation in case more GRIDSOL/SRH are installed with respect to the case 

where no GRIDSOL power plants are considered. 

Scenario 
ΔConsumer 

Surplus 

[M€] 

ΔProducer 

Surplus 

[M€] 

ΔCongestion 

Rent 

[M€] 

ΔSEW 

[M€] 
CO2 reduction 

[Mton/year] 

TOT more GRIDSOL 4099 -4649 1036 486 1.9 

TOT more SRH LCOE 3891 -4467 957 381 1.2 

TOT more SRH flex 3749 -4281 974 442 1.6 

TABLE 22: SEW  AND CO2  VARIATION  

 

Here some considerations: 

 a strong reduction in producer surplus and - on the contrary - an increase in the consumer surplus 

due to the average zonal market prices can be noticed; 

congestion rent increases due to the increase in the energy flow between the involved countries; 

 a total increase of the Social Economic Welfare quantifiable in more than 380 M€ for each 

GRIDSOL/SRH solution is detected. The increase in the social economic welfare represents a 

significant portion of the investment costs and is sometimes higher than the annuity. Table below 

resumes this results. 

 
SEW [M€] ΔSEW/Investment Cost 

TOT more GRIDSOL 486 84% 

TOT more SRH LCOE 381 173% 

TOT more SRH flex 442 114% 

TABLE 23: SEW  INCREASE WITH RESPECT TO THE TOTAL INVESTMENT COST 

Before drawing conclusions, it is also worthwhile noting that a detailed analysis on GRIDSOL impact on 

the EU system, in terms of SEW and CO2 emissions reduction will be carried out by WP7 and that it will 
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be based on different assumptions related to the selected target year, different hypothesis and 

configurations. 

Resuming the analysis discussed in this chapter, the assessment of the impact of the installation of a 

high number of GRIDSOL plants into the overall EU electricity market has been carried out. In order to 

define how many new hypothetical GRIDSOL power plants to insert in the different countries, a GRIDSOL 

penetration criteria has been adopted.  

The results show that: 

 the introduction of different GRIDSOL power plants in the European system helps increasing the 

total Social Economic Welfare. Specifically, the SEW increase is equal to 84% of the total GRIDSOL 

Investment Costs (IC). 

 as regard SRH configuration (both LCOE and Flexible configurations), expected social benefits is 

higher than the total investment cost. 

 a non-disregarding CO2 reduction has been quantified; benefits associated with emission savings are 

already included in SEW, but results shows that GRIDSOL can provide both social and environmental 

advantages. 
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7. CONCLUSIONS 

The aim of the work presented in deliverable D5.4 is to evaluate the profitability of a set of GRIDSOL and 

Smart Renewable Hub configurations developed by WP2 for five European countries: France, Italy, 

Spain, Portugal and Greece. To this end, we performed simulations, based on the Market tool simulator 

‘PROMEDGRID’, assuming as reference scenario the Sustainable Transition scenario proposed for year 

2030 in the TYNDP 2018 report. 

The profitability of the different configurations has been assessed on the basis of the Gross Margin 

Index (GMI) that is strongly influenced by GRIDSOL and SRH revenues from Day Ahead Market and 

Ancillary Services Market (evaluated from simulations) and investment costs. The GMI has allowed to 

rank the performance of every configuration in each country and to select the ones with highest values, 

hence granting the higher profitability. 

GMI [%] 
Biogas-fuelled 

GRIDSOL 
Gas-fuelled 

GRIDSOL 
SRH flexible 

SRH lowest 
LCOE 

Italy 89% 93% 99% 171% 

Spain 60% 61% 72% 87% 

France 57% 61% 117% 155% 

Greece 69% 70% 112% 190% 

Portugal 52% 53% 78% 100% 

TABLE 24: GMI  RESULTS,  7.5%  DISCOUNT RATE,  20  YEAR LIFETIME  

Summing up the results, it has been observed that in all the target countries SRH configurations offer 

higher profitability than GRIDSOL configurations with CSP and TESS.  

On the other hand, the outcomes show that GRIDSOL profitability is highly influenced by average market 

prices and investment costs. To investigate on the matter, sensitivity analyses on possible scenario 

variation or future investment costs evolution have shown that changing the reference scenario 

(Distributed Generation scenario) would lead to lowered average market prices. This can negatively 

affect the profitability of all the configurations, while possible future reduced investment costs of the 

most expensive technologies (BESS, PV and CSP) would guarantee an increase of the GMI values. 

Finally it has been evaluated that the installation of a higher number of GRIDSOL and SRH in the five 

countries would have a positive impact over the Social Economic Welfare and CO2 emission reduction. In 

some cases (SRH flexible and lowest LCOE configurations) the expected Socio Economic Welfare 

increase is higher than the total Investment Costs. 

 
SEW [M€] ΔSEW/IC 

TOT more GRIDSOL 486 84% 

TOT more SRH LCOE 381 173% 

TOT more SRH flex 442 114% 

TABLE 25: SEW  INCREASE WITH RESPECT TO THE TOTAL INVESTMENT COST 
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As already mentioned, GRIDSOL/SRH power plants introduces renewable variable generation (mainly 

PV) and therefore can cause an increase in the risk of RES curtailment (also called Overgeneration, total 

surplus of generation with respect to the total electricity demand). It means that there is the risk that 

part of the energy introduced by GRIDSOL/SRH configuration have to be cut in order to keep the system 

balance.  

The risk of system overgeneration related to GRIDSOL/SRH configuration is function of two main 

parameters:  

 the total variable energy introduced by GRIDSOL/SRH power plants 

 the configuration flexibility (provided by storage system, both TESS and BESS)  

In order to avoid SRHs/GRIDSOL power plants curtailment it is important to properly size each 

component and therefore to provide the right flexibility to the system; the Battery Energy Storage 

System should be able to shift PV production during the hours where the electricity demand is higher 

(early morning and early evening) and – on the other side – the Thermal Energy Storage System should 

be able to store a relevant part of the solar irradiation in order to let the Steam Turbine free to produce 

during the hours when the system need it. Finally, the constraint that force at least one turbine to be in 

service can increase the risk of curtailment during the period when the system residual load4 is low and 

therefore should be introduced only in market areas where it could provide benefits in terms of 

Ancillary Services Revenues. 

                                                           

 

 

4
 Residual load is defined as the difference between the electricity demand minus the variable /non programmable 

generation 
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9. APPENDIX I: 2030 SCENARIOS DEFINITION 

In order to properly analyse the GRIDSOL behaviour in the European electricity market by means of the 

power market simulator PROMEDGRID, it is essential to define the scenario where the GRIDSOL and SRH 

performance will be simulated and evaluated. The main information are included in the “TYNDP 2018 

Scenario Report” [1], whose scenarios are referred to years going from 2020 – 2040. For the target year 

2030, the available scenarios are three and have been designed with stakeholders representing among 

others the industry, Member States and Regulators: Sustainable Transition (ST), Distributed Generation 

(DG) and Global Climate Action (GCA). 

Sustainable Transition and Distributed Generation scenarios are going to be presented in detail in the 

following subchapters since the first one has been used for all the main analysis whereas the other has 

been considered in the sensitivity analysis. As regard GCA scenario, detailed information can be found in 

[1]. 

9.1.1. SUSTAINABLE TRANSITION SCENARIO (ST) 

The Sustainable Transition scenario (ST) aims at achieving a quick and economically sustainable CO2 

reduction through a mix of national regulation and subsidies and emission trading schemes. In the 

power sector, relatively low gas prices and strong growth of bio-methane are responsible of the largest 

share of production from gas-fired plants, that can also offer the necessary flexibility to balance the 

renewables in the power system. On the contrary, a reduction of power production from coal based and 

nuclear plants is expected. In the first case, the main reason behind the lowered production of coal-fired 

plants (and consequently, lower CO2 emissions rate) is due to high ETS, carbon prices and governmental 

policies. Concerning the overall electricity demand, it is expected to remain constant or slightly increase. 

9.1.2. DISTRIBUTED GENERATION SCENARIO (DG) 

The Distributed Generation scenario (DG) considers a more decentralized development with focus on 

end user technology, such as small-scale generation and residential/commercial storage technologies. 

The use of smart technology, dual fuel appliances such as hybrid heat pumps and the high penetration 

of electric vehicles, PV and batteries allows high levels of availability of demand side response, helping 

electric power adequacy. In the power sector, the declined costs of small-scale generation technologies 

have enabled prosumers to choose solar as a non-subsidised option and batteries to balance the daily 

electricity consumption. In the largest generation sector, high ETS scheme favours gas and biofuel 

instead of coal while nuclear mostly depends on Country specific policies. Regarding the electricity 

demand, it has a reduced growth in the residential sector due to prosumer behaviour and high efficiency 

goods but it is higher in the heating and transport sectors. 

 
The following table offers an overview of the guiding parameters, focusing in particular on Power and 

Non-fossil gas sources, for the two scenarios. 

 



 

 

 

D5.4 Assessment of GRIDSOL integration into the EU electricity market 62 

  
Sustainable Transition 

(ST) 
Distributed Generation 

(DG) 

Power 

Merit Order Gas Before Coal Gas Before Coal 

Nuclear Reduction Reduction 

Storage Low growth Very high growth 

Wind Moderate growth High growth 

Solar Moderate growth Very high growth 

Other bio-energies Moderate growth High growth 

CCS Not significant Not significant 

Adequacy Some surplus capacity Some surplus capacity 

Non-fossil gas sources 
Power-to-Gas Not significant High growth 

Bio-methane High growth High growth 

 

9.1.3. COUNTRIES AND MARKET NODES  

Simulations boundaries of the two considered scenarios include all the interconnected Countries that 

together form the European Network of Transmission System Operators. In Europe, wholesale electricity 

markets are structured in market zones where we assume there are no intra-zonal congestions. Within 

each market zone, any consumer is allowed to contract power with any generator without limitations 

and hence disregarding the physical reality of the transmission network. Among the market zones, TSO's 

apply capacity allocation methods as a means of limiting the amount of available cross-zonal capacity in 

order to ensure compliance between the physical flows and the network operational security limits. For 

historical reasons, the market zones boundaries mostly correspond to the borders between EU Member 

States, even though some Member States are split into several market zones. Based on the information 

available directly from ENTSO-E and the CESI Background knowledge on the Italian Power system, a split 

in sub market nodes has been applied for Denmark, Luxembourg and Italy (Table 26). 
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Node 
Name 

Country Name Sub-Zones 
 Node 

Name 
Country Name 

Sub-Zones 

AL Albania  IE Ireland  

AT Austria  IT Italy 
ITn,ITcn,ITcs, 
ITs,ITsar,ITsic  

BA 
Bosnia 

Herzegovina 
 LT Lithuania 

 

BE Belgium  LU Luxembourg LUb,LUf, LUg 

BG Bulgaria  LV Latvia  

CH Switzerland  ME Montenegro  

CY Cyprus  MK FYROM  

CZ Czech Republic  NI Northern Ireland  

DE Germany  NL Netherlands  

DK Denmark DKe,DKw NO Norway  

EE Estonia  PL Poland  

ES Spain  PT Portugal  

FI Finland  RO Romania  

FR France  RS Serbia  

GB United Kingdom  SE Sweden  

GR Greece  SI Slovenia  

HR Croatia  SK Slovak Republic  

HU Hungary     

TABLE 26  L IST OF MARKET ZONES  

9.1.4. DEMAND  

The annual electricity demand data relevant to the 2030 Sustainable Transition and Distributed 

Generation scenario are reported separately in the following tables (Table 27; Table 28). The same 

information are compared in Figure 38, where a higher demand in all the considered Countries is 

expected for the DG scenario. 

Node 
Name 

Country Name 
Demand ST 2030 

[TWh] 
Node 
Name 

Country Name 
Demand ST 2030 

[TWh] 

AL Albania 9.4 IE Ireland 36.2 

AT Austria 76.6 IT Italy 362.3 

BA Bosnia Herzegovina 15.4 LT Lithuania 13.2 

BE Belgium 88.8 LU Luxembourg 11.1 

BG Bulgaria 42.4 LV Latvia 8.4 

CH Switzerland 58.3 ME Montenegro 5.4 

CY Cyprus 7.6 MK FYROM 11.8 

CZ Czech Republic 70.9 NI Northern Ireland 10.0 

DE Germany 547.3 NL Netherlands 118.5 

DK Denmark 47.0 NO Norway 149.9 

EE Estonia 10.1 PL Poland 206.7 

ES Spain 281.8 PT Portugal 53.1 
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FI Finland 94.3 RO Romania 63.8 

FR France 464.0 RS Serbia 43.9 

GB United Kingdom 321.5 SE Sweden 143.0 

GR Greece 59.4 SI Slovenia 16.5 

HR Croatia 22.1 SK Slovak Republic 32.7 

HU Hungary 47.4 
   

TABLE 27  2030  ST  SCENARIO DEMAND  

 

Node 
Name 

Country Name 
Demand DG 2030 

[TWh] 
Node 
Name 

Country Name 
Demand DG 2030 

[TWh] 

AL Albania 10.3 IE Ireland 38.1 

AT Austria 80.7 IT Italy 377.7 

BA Bosnia Herzegovina 16.9 LT Lithuania 14.5 

BE Belgium 88.7 LU Luxembourg 11.1 

BG Bulgaria 45.8 LV Latvia 9.3 

CH Switzerland 58.1 ME Montenegro 5.7 

CY Cyprus 8.0 MK FYROM 12.9 

CZ Czech Republic 75.9 NI Northern Ireland 10.6 

DE Germany 557.5 NL Netherlands 129.8 

DK Denmark 50.2 NO Norway 150.7 

EE Estonia 10.7 PL Poland 219.3 

ES Spain 292.9 PT Portugal 59.0 

FI Finland 94.5 RO Romania 70.8 

FR France 471.9 RS Serbia 47.4 

GB United Kingdom 334.1 SE Sweden 140.4 

GR Greece 64.3 SI Slovenia 17.6 

HR Croatia 24.2 SK Slovak Republic 35.5 

HU Hungary 51.3 
   

TABLE 28  2030  DG SCENARIO DEMAND  
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FIGURE 38  2030  ST  AND DG  SCENARIOS DEMAND  

9.1.5. INSTALLED CAPACITY 

The overall forecasted installed capacity in MW for different target years is reported in the ENTSO-E 

market data and divided in the following categories: 

 Thermal 

 Hydro 

 Other non RES 

 RES (Photovoltaic, Concentrated Solar Power, Onshore and Offshore Wind) 

In both the scenarios, almost the 50% of the installed capacity pertain to just four Countries: Germany, 

Italy, Spain and United Kingdom. Here below we reported available data for the year 2030 for the 

Sustainable Transition (Table 29; Figure 39) and Distributed Generation (Table 30; Figure 40) scenarios. 

9.1.5.1. Sustainable Transition Installed Capacity  

Node 
Name 

Country 
Name 

Thermal Hydro 
Other 

non RES 
RES 

TOTAL per 
Country 

AL Albania 700 2870 0 230 3800 

AT Austria 4338 21570 984 10120 37012 

BA 
Bosnia 

Herzegovina 
2536 2704 0 740 5980 

BE Belgium 7001 2575 1157 11317 22049 

BG Bulgaria 6981 4333 1579 3600 16493 

CH Switzerland 1190 22312 985 7270 31757 

CY Cyprus 1665 0 0 1086 2751 

CZ 
Czech 

Republic 
10445 2415 1505 5657 20022 



 

 

 

D5.4 Assessment of GRIDSOL integration into the EU electricity market 66 

Node 
Name 

Country 
Name 

Thermal Hydro 
Other 

non RES 
RES 

TOTAL per 
Country 

DE Germany 55944 24908 10321 146095 237268 

DK Denmark 2842 7 99 12140 15088 

EE Estonia 656 10 150 1727 2543 

ES Spain 36337 31330 8500 75850 152017 

FI Finland 8733 3200 450 6400 18783 

FR France 50126 32600 0 78291 161017 

GB 
United 

Kingdom 
36704 1695 6040 70943 115382 

GR Greece 8511 5573 0 9690 23774 

HR Croatia 2000 3100 200 2200 7500 

HU Hungary 7945 60 355 3410 11770 

IE Ireland 4361 1100 160 7050 12671 

IT Italy 38245 27825 5785 46902 118757 

LT Lithuania 464 2388 227 1029 4108 

LU Luxembourg 0 2370 90 451 2911 

LV Latvia 1031 1619 150 755 3555 

ME Montenegro 450 1271 0 319 2040 

MK FYROM 1325 798 0 158 2281 

NI 
Northern 

Ireland 
1300 200 26 2037 3563 

NL Netherlands 12687 38 3539 30169 46433 

NO Norway 435 36932 0 3807 41173 

PL Poland 29917 3934 7276 15636 56763 

PT Portugal 3727 13321 1052 8273 26373 

RO Romania 9397 6600 0 6700 22697 

RS Serbia 5886 5048 0 1386 12320 

SE Sweden 7262 16184 390 16913 40749 

SI Slovenia 1680 2700 159 467 5006 

SK 
Slovak 

Republic 
3372 4752 899 1486 10508 

  TOTAL 366190 288342 52078 590303 1296913 

TABLE 29  2030  ST  SCENARIO -  INSTALLED CAPACITY  
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FIGURE 39  2030  ST  SCENARIO -  INSTALLED CAPACITY MIX 

9.1.5.2. Distributed Generation Installed Capacity  

Node 
Name 

Country 
Name 

Thermal Hydro 
Other 

non RES 
RES 

TOTAL per 
Country 

AL Albania 700 2870 0 2124 5694 

AT Austria 4102 21570.084 984 13423 40079.0838 

BA 
Bosnia 

Herzegovina 
2122 2704 0 3036 7862 

BE Belgium 7500.6 2575 1157 13117 24349.6 

BG Bulgaria 6813 4333 1579 5811 18536 

CH Switzerland 1190 22312 985 11041 35528 

CY Cyprus 1715 0 0 1318 3033 

CZ 
Czech 

Republic 
9810 2415 1505 9110 22840 

DE Germany 53989 24908 10321 174369 263587 

DK Denmark 2412 6.6082 99.1 14314.4 16832.1082 

EE Estonia 656 10 150 2486 3302 

ES Spain 32524 31330 8500 83007 155361 

FI Finland 8733 3200 450 8053 20436 

FR France 52522 32600 0 88376 173498 

GB 
United 

Kingdom 
37204 1695 6040 81112 126051 

GR Greece 7961 5573 0 13050 26584 

HR Croatia 1500 3100 200 4658 9458 

HU Hungary 6410.4 60 355 7610 14435.4 
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Node 
Name 

Country 
Name 

Thermal Hydro 
Other 

non RES 
RES 

TOTAL per 
Country 

IE Ireland 4461 1100 160 10266 15987 

IT Italy 35869.564 27825.001 5785 68098.354 137577.919 

LT Lithuania 464 2388 227 2724 5803 

LU Luxembourg 0 2370 90 606.3 3066.3 

LV Latvia 1031 1619 150 1681 4481 

ME Montenegro 450 1271 0 702 2423 

MK FYROM 1035 798 0 1515 3348 

NI 
Northern 

Ireland 
1300 200 26 3052.6 4578.6 

NL Netherlands 12687 38 3539 32814 49078 

NO Norway 435 36931.608 0 6378.603 43745.211 

PL Poland 27917 3934 7276 38076 77203 

PT Portugal 3727 13320.8 1052 13038 31137.8 

RO Romania 8438 6600 0 16342 31380 

RS Serbia 5886 5048 0 6721 17655 

SE Sweden 7182 16184 390 20557 44313 

SI Slovenia 1680 2700 159 1520 6059 

SK 
Slovak 

Republic 
3372 4752 899 4348 13370 

  TOTAL 353797 288342 52078 764455 1458671 

TABLE 30  2030  DG SCENARIO – INSTALLED CAPACITY  
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FIGURE 40  2030  DG SCENARIO -  INSTALLED CAPACITY MIX 

9.1.6. THERMAL GENERATION FEATURES 

The TYNDP 2018 information on the type of thermal generation are aggregated in the following 

categories: Coal, Gas, Oil (light, heavy, shale), Lignite and Nuclear. Table 31 contains the main 

information concerning the efficiency values and the overall installed capacities in the two considered 

scenarios. 

Fuel Category Efficiency ST  
Installed Capacity [GW] 

DG 
Installed Capacity [GW] 

Coal 

Hard coal biofuel 40.0% 2.6 2.5 

Hard coal new 46.0% 19.5 15.5 

Hard coal old 1 35.0% 8.6 2.5 

Hard coal old 2 40.0% 17.5 20.8 

Gas 

Gas CCGT new 58.0% 137.7 138.1 

Gas CCGT old 1 40.0% 15.4 8.8 

Gas CCGT old 2 48.0% 13.2 10.6 

Gas OCGT 40.3% 18.2 15.2 

Gas OCGT new 42.0% 0.4 0.4 

Gas OCGT old 35.0% 1.0 1.0 

Light oil Light oil 35.0% 5.4 12.6 

Heavy oil 

Heavy oil 36.1% 1.0 0.5 

Heavy oil old 1 35.0% 0.4 0.4 

Heavy oil biofuel 36.1% 0.3 0.3 

Lignite 

Lignite new 46.0% 11.1 11.1 

Lignite old 1 35.0% 13.5 13.1 

Lignite old 2 40.0% 16.5 16.5 
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Nuclear Nuclear 33.0% 83.2 83.2 

Shale oil Shale oil new 39.0% 0.7 0.7 

TABLE 31  2030  ST  AND DG THERMAL GENERATION FATURES  

9.1.7. FUEL COSTS 

As far as Fuel and CO2 costs are concerned, the TYNDP estimates at 2030 are based on the IEA world 

energy Outlook 2016 (WEO 2016). The following table reports the fuel cost and CO2 prices for the two 

considered scenarios. It can be observed that the main difference among the two scenarios concerns 

the CO2 price that is higher in the Sustainable Transition Scenario. 

 

Fuel prices (€/ net GJ) 
2030 ST 

WEO 2016 

Fuel prices (€/ net GJ) 
2030 DG 

WEO 2016 

Nuclear 0.47 0.47 

Lignite 1.1 1.1 

Hard coal 2.7 2.7 

Gas 8.8 8.8 

Light oil 21.8 21.8 

Heavy oil 17.9 17.9 

Oil shale 2.3 2.3 

CO2 prices (€/ton) 84.3 50.0 

TABLE 32  2030  ST  AND DG  FUEL PRICES  

No information about the cost of Biogas are included in the TYNDP 2018 report, for that reason it has 

been necessary to make a reasonable hypothesis on it in order to assess the performance of the 

GRIDSOL configurations using Biogas. The assumption made consisted in evaluating the price that biogas 

should have to be considered a competitive fuel on the market with respect to natural gas. It has been 

calculated comparing the marginal costs of a gas turbine fuelled respectively with biogas and natural 

gas. The resulting biogas cost, that has been kept equal in all the considered Countries, should be 50 % 

higher than natural gas cost (see Figure 41). 

 

FIGURE 41  BIOGAS AND NATURAL GAS COST CALCULATION  

9.1.8. INTERCONNECTION BETWEEN AREAS 

In terms of interconnection the reference capacity for each link foreseen at 2020 are reported in the 

‘TYNDP 2016 Report’. [4] The available information are reported below. 
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Border/boundary NTC 2030 ST (reference grid) Border/boundary NTC 2030 ST (reference grid) 

 
=> <= 

 
=> <= 

AL>GR -350 350 LUb>BE -380 0 

AL>ME -400 400 LUg>BE -300 180 

AL>MK -500 500 LUf>FR -380 0 

AL>RS -330 760 DE>LUv -1300 1300 

ITn>AT -1005 835 GB>DE 0 0 

CH>AT -1700 1700 LV>EE -1350 1250 

CH>DE -4100 6500 ME>BA -500 400 

CH>FR -3700 1300 RS>ME -1000 1100 

CH>ITn -3735 6065 MK>BG -400 100 

CY>GR -2000 2000 MK>GR -1100 850 

CZ>AT -1000 1200 MK>RS -800 650 

DE>AT -7500 7500 NL>BE -3400 3400 

DE>BE -1000 1000 NL>DE -5000 5000 

DE>CZ -2600 2000 NL>DKw -700 700 

DE>Dek -400 400 NOs>NL -700 700 

DE>DKw -3000 3000 NOs>DE -1400 1400 

DE>DKe -600 600 NOs>DKw -1640 1640 

DE>FR -4800 4800 NOn>FI 0 0 

LUg>DE -2000 2000 NOn>NOm -1300 1300 

FI>EE -1016 1000 NOm>NOs -1400 1400 

ES>FR -8000 8000 PL>LT -500 500 

ES>PT -3500 4200 PL>CZ -600 800 

FR>BE -2800 4300 SK>CZ -2100 1100 

GB>BE -1000 1000 PL>DE -2000 3000 

GB>DKw -1400 1400 RO>BG -1400 1500 

GB>FR -5400 5400 RO>HU -1300 1400 

GB>IE -500 500 RS>RO -1450 1050 

GB>NL -1000 1000 RS>BA -1100 1200 

GB>Nos -1400 1400 RS>BG -600 350 

NI>GB -500 500 RS>HR -600 600 

NI>IE -1100 1100 RS>HU -600 600 

GR>BG -1728 1032 SI>AT -1200 1200 

HR>BA -1844 1812 SI>HR -2000 2000 

HU>AT -1200 800 SI>HU -1200 1200 

HU>HR -2000 2000 SK>HU -2000 2000 

IE>FR -700 700 SK>PL -990 990 

ITcs>ITcn -1750 3200 BG>TR -500 900 

ITn>FR -4350 2160 GR>TR -600 700 

ITn>ITcn -2100 4100 SE4>DKe -1700 1300 

ITsar>ITcs -700 900 SE3>DKw -740 680 
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Border/boundary NTC 2030 ST (reference grid) Border/boundary NTC 2030 ST (reference grid) 

 
=> <= 

 
=> <= 

ITs>GR -500 500 SE1>FI -2000 2000 

ITs>ITcs -9999 5700 SE3>FI -800 800 

ITs>ITsic -1200 1100 SE4>LT -700 700 

ITsic>MT -200 200 SE4>PL -600 600 

SI>ITn -1630 1680 NOm>SE2 -1000 600 

ME>ITcs -1200 1200 NOn>SE1 -600 700 

LT>LV -1800 2100 NOn>SE2 -300 250 

ITsic>TN -600 600 NOs>SE3 -2095 2145 

ITsar>FRCOv -400 400 SE1>SE2 -3300 3300 

ITcn>FRCOv -400 400 SE2>SE3 -7800 7800 

FRco>FRcoV -150 120 SE3>SE4 -3600 7200 

SE4>DE -1315 1315    

TABLE 33  REFERENCE INTERCONNECTION CAPACITIES  
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10. APPENDIX II: ANCILLARY SERVICES 

The ancillary services framework is extremely diversified among the European Countries and 

characterized by different rules and logics. Furthermore, due to the continuous evolution of the 

technological environment (e.g. higher penetration of renewable energy sources, introduction of 

demand response, implementation of virtual power plant in order to manage distribution generation), 

the regulatory framework is expected to evolve rapidly in order to integrate the external changes. For 

example, at local level, Denmark has developed four pilot projects (2017) using the following main 

technologies to offer primary and tertiary reserve services: back up batteries, heat pumps, electrical 

vehicles and small/medium energy consumption control [5]. Furthermore, cooperation projects are 

ongoing among many European Countries as, for example, the common procurement of frequency 

containment reserve capacity among Germany, Netherlands, Belgium, France, Austria and Switzerland 

since 2012; the PICASSO project (‘Platform for the International Coordination of the Automatic 

frequency restoration process and Stable System Operation’) aiming at the development of a common 

merit order list and activation of balancing energy among Germany, Netherlands, Belgium, France and 

Austria, planned to go on operation in 2021 or the TERRE project (‘Trans European Replacement 

Reserves Exchange’) planned for 2019 with the goal of creation of a common merit order list and 

activation of balancing energy among France, Great Britain, Spain, Portugal, Switzerland and Italy [6]. 

Consequently, since no specific information about the future development of these projects and about 

possible further similar initiatives can be known in advance, the main assumptions made in this work is 

to consider the current ASM scheme in five target Countries (France, Greece, Italy, Spain and Portugal) 

with some assumption of possible market price evolution for GRIDSOL and SRH revenues. However 

some trends in the ancillary services market in 2030 are expected: 

 Higher level of penetration of non-programmable renewable energy sources will increase the need of 

balancing services (increase of the market volumes) 

 Reduction of the share of programmable technologies (such as reduction of thermal generation 

displaced by renewable generation) that can compete in the market (decrease of competition) 

 Increase of transfer capacity among neighbouring market zone can reduce the cost of the offered 

services in the ancillary market, especially in case of a further increase of ancillary market integration 

(increase of players that can compete in the market) 

 Participation of the demand to the ancillary service market (increase of competition) 

 Participation of non-programmable renewable energy sources (wind, solar) and distributed energy 

sources to the market (increase of competition) 

 Diffusion of new technology such as virtual power plant to manage distributed generation, storage 

and demand response can decrease the cost of the offered services in the ancillary market (increase 

of players that can compete in the market) 

These trends are expected to have a strong impact over the ancillary services market volume and price 

but it is difficult to foresee which component will affect most the evolution path of the market. The 

need of ancillary services strictly depends on the share of non-programmable RES and programmable 

energy source in the electricity production mix and on the presence of flexible technology (hydro 

pumping storage, Combined Cycle Gas Turbine (CCGT), Open Cycle Gas Turbine (OCGT) and others), 

that is diversified among the European Countries. As a consequence , it is not possible to find a general 
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rule to assess quantitatively the possible revenues a power plant can earn on the ancillary services 

market. In the following subchapter the methodology used to assess the revenues from ASM in the 

targeted Countries and the assumptions made are discussed in detail. 

10.1. CALCULATION OF EXPECTED REVENUES FOR GRIDSOL FROM ANCILLARY SERVICES 

Despite the different organization of the ASM in the targeted Countries, the main steps followed to 

assess the possible revenues deriving from the participation to the ancillary services are here below 

reported: 

1. Definition of a list of services that are sourced in the respective ancillary services markets and 

the average offering price 

2. Calculation of the available reserve 

3. Establish an average ‘Percentage of Activation’ 

4. Calculation of indicative GRIDSOL and SRH revenues on ASM 

The next subchapter will offer the possibility to deeply analyse the methodology and the main 

assumptions made to calculate the average revenues from ASM in the considered Countries. 

10.1.1. METHODOLOGY 

The first step consisted in the selection and definition of the list of services that could be offered by the 

different configurations in the different ancillary services markets and the average historical prices, that 

are going to be presented- for each target country- in the following subchapters. The following table 

reports an overview of the three considered ancillary services and for each Country specifies its 

organization (Mandatory or Voluntary participation) and remuneration scheme [7]. 
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Country Primary Reserve Secondary Reserve Tertiary Reserve 

Italy 

Mandatory for eligible 
generators 
> 10 MVA; 

Not Remuneration 

Voluntary ,  but once qualified  
obliged to offer; 

Energy Remuneration 

Voluntary ,  but once qualified  
obliged to offer; 

Energy Remuneration 

Spain 
Mandatory Provision; 

Not Remuneration 

Market; 
Capacity and Energy 

Remuneration 

Mandatory Offers; 
Energy Remuneration 

France 
Mandatory Provision; 
Capacity and Energy 

Remuneration 

Mandatory Provision; 
Capacity and Energy 

Remuneration 

Market;  
Capacity and Energy 

Remuneration 

Portugal
5
 

Mandatory Provision; 
Not Remuneration 

Market;  
Capacity and Energy 

Remuneration 

Mandatory Offers; 
Energy Remuneration 

Greece
6
 

Mandatory; Energy 
Remuneration 

Mandatory; Energy Remuneration N.A 

TABLE 34  L IST OF SERVICES AND REMUNERATION SCHEMES IN THE TARGET COUNTRIES  

 

On the basis of the available information, for all the target Countries the revenues have been calculated 

for the secondary and tertiary reserve services; furthermore, for the only case of France, revenues from 

primary reserve have been considered as well. 

Secondly, for each configuration, the available capacity for ASM (resulting from the DAM results) has 

been quantified. However, the effective possible participation to the market has been analysed case by 

case basing on Country specific requirements and GRIDSOL and SRH configuration itself. 

The following table reports the hypothesis made to assess and calculate the upward and downward 

reserve available. 

For example, the possible downward reserve capacity that the Steam Turbine could offer in the ASM in 

a generic hour of the year is a function of its operating condition in that hour. In case the turbine is not 

working, no reserve can be offered. On the contrary, it has been assumed that it can reduce its capacity 

up to its technical minimum. 

As regard the Upwards reserve capacity, Steam Turbine is allowed to offer it only if in operation. In this 

case, the Upwards Reserve capacity takes into account the maximum ST installed capacity and the level 

of the Thermal Storage System (Lh−1
TES 7*εST).  

                                                           

 

 

5
 Portugal: GRIDSOL revenues in the Portuguese ASM have been calculated using the data available for Spain 

6
 Greece: due to the lack of historical data, possible revenues from ASM have not been considered 
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 Reserve Upward Reserve Downward 

Steam 
Turbine 

 

 

Secondary Reserve/ Tertiary Reserve 

 If 𝑃ℎ
𝑆𝑇=0 ;  𝑅𝑆𝑇,𝑈𝑃ℎ=0 

 If𝑃ℎ
𝑆𝑇 > 0; 

 𝑅𝑆𝑇,𝑈𝑃ℎ=𝑀𝐼𝑁( 𝑃𝑆𝑇,𝑚𝑎𝑥 − 𝑃ℎ
𝑆𝑇; 𝐿ℎ−1

𝑇𝐸𝑆 *𝜀𝑆𝑇) 

 If 𝑃ℎ
𝑆𝑇=0 ;  𝑅𝑆𝑇,𝐷𝑂𝑊𝑁ℎ=0 

 If𝑃ℎ
𝑆𝑇 > 𝑃𝑚𝑖𝑛

𝑆𝑇 ; 

 𝑅𝑆𝑇,𝐷𝑂𝑊𝑁ℎ=𝑃ℎ
𝑆𝑇 − 𝑃𝑚𝑖𝑛

𝑆𝑇  

Gas Turbine 

Secondary Reserve (and Primary Reserve, FRANCE only) 

 If 𝑃ℎ
𝐺𝑇=0 ;  𝑅𝐺𝑇,𝑈𝑃ℎ=0 

 If𝑃ℎ
𝐺𝑇 >  𝑃𝐺𝑇,𝑚𝑖𝑛; 

 𝑅𝐺𝑇,𝑈𝑃ℎ=  𝑃𝐺𝑇,𝑚𝑎𝑥 − 𝑃ℎ
𝐺𝑇 

 If 𝑃ℎ
𝐺𝑇=0 ;  𝑅𝐺𝑇,𝐷𝑂𝑊𝑁ℎ=0 

 If𝑃ℎ
𝐺𝑇 >  𝑃𝐺𝑇,𝑚𝑖𝑛; 

 𝑅𝐺𝑇,𝐷𝑂𝑊𝑁ℎ=  𝑃𝐺𝑇,𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛
𝐺𝑇  

Tertiary Reserve 

 If 𝑃ℎ
𝐺𝑇=0 ;  𝑅𝐺𝑇,𝑈𝑃ℎ= 𝑃𝐺𝑇,𝑚𝑎𝑥 

 If𝑃ℎ
𝐺𝑇 > 0 

 𝑅𝐺𝑇,𝑈𝑃ℎ=  𝑃𝐺𝑇,𝑚𝑎𝑥 − 𝑃ℎ
𝐺𝑇 

 If 𝑃ℎ
𝐺𝑇=0 ;  𝑅𝐺𝑇,𝐷𝑂𝑊𝑁ℎ=0 

 If𝑃ℎ
𝐺𝑇 > 0; 

 𝑅𝐺𝑇,𝐷𝑂𝑊𝑁ℎ=  𝑃𝐺𝑇,𝑚𝑎𝑥 − 𝑃𝑚𝑖𝑛
𝐺𝑇  

BESS 

Secondary Reserve/ Tertiary Reserve 

 𝑅𝐵𝐸𝑆𝑆,𝑈𝑃ℎ=𝑀𝐼𝑁( 𝑃𝐵𝐸𝑆𝑆,𝑚𝑎𝑥 − 𝑃ℎ
𝐵𝐸𝑆𝑆; 

𝐿ℎ−1
𝐵𝐸𝑆𝑆*𝜀𝐵𝐸𝑆𝑆)          

 𝑅𝐵𝐸𝑆𝑆,𝐷𝑊ℎ
= 𝑀𝐴𝑋 [ 𝑃𝐵𝐸𝑆𝑆,𝑚𝑖𝑛 −

𝑃ℎ
𝐵𝐸𝑆𝑆; ( 𝐿ℎ−1

𝐵𝐸𝑆𝑆 −  𝐿𝐵𝐸𝑆𝑆,𝑚𝑎𝑥) ∗

𝜀𝐵𝐸𝑆𝑆] 

PV-WIND 

Secondary Reserve/ Tertiary Reserve 

N.A 

 If 

 𝑃𝑃𝑉/𝑊𝐼𝑁𝐷,ℎ =

0; 𝑅𝑃𝑉/𝑊𝐼𝑁𝐷,𝐷𝑊ℎ
= 0 

 If  𝑃𝑃𝑉/𝑊𝐼𝑁𝐷,ℎ > 0; 

𝑅𝑃𝑉/𝑊𝐼𝑁𝐷,𝐷𝑊ℎ
= − 𝑃𝑃𝑉/𝑊𝐼𝑁𝐷,ℎ 

TABLE 35  UPWARD AND DOWNWARD RESERVE CALCULATION  
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Once the secondary and tertiary upward and downward reserve have been calculated, the following 

step consists in the calculation of the average cost that GRIDSOL and SRH would have to sustain to offer 

the considered services. This parameter is essential to evaluate the possible revenues for GRIDSOL to 

take place to the ASM. 

Both the Upward and Downward costs, for the ancillary services under investigation, result as a 

weighted average of the marginal cost of the single technology and its contribution in the 

upward/downward total reserve. 

𝐶𝑜𝑠𝑡𝐺𝑟𝑖𝑑𝑠𝑜𝑙,𝑈𝑝/𝐷𝑜𝑤𝑛 =
∑ 𝑀𝐶𝑖𝑖 ∗ 𝑅𝑖,𝑈𝑊/𝐷𝑊

𝑅𝑡𝑜𝑡,𝑈𝑊/𝐷𝑊
 

Where 𝑖: Steam Turbine, Gas Turbine, BESS, PV (Wind). 

In every considered Country, GRIDSOL is supposed to participate to a market for each of the considered 

ancillary service together with all the other existing qualified production units. As a consequence, 

GRIDSOL is not expected to be always competitive, thus its offers are not expected to be always 

accepted (it may depend on the merit order of the offers and on the reserve energy required by the 

system). For that reason, the main assumption necessary to estimate and quantify the possible energy 

requirement for GRIDSOL (up/downward; primary/secondary/tertiary) is to establish reasonable value 

‘percentage of activation’ that could be used to resume the probability for a GRIDSOL unit to be selected 

by the TSO to offer secondary and tertiary reserve, both upward and downward.  

The considered values, reported in the following table, have been calculated for the Italian case 

(through the analysis of the ASM results of a CCGT installed Puglia, south of Italy, characterized by high 

RES share, whose performance are expected to be comparable to GRIDSOL) and used in all the 

remaining target Countries, due to the lack of further detailed information. 

 

 Upward Energy Activation [%] Downward Energy Activation [%] 

Secondary Reserve 5 % 10 % 

Tertiary Reserve 10 % 25 % 

TABLE 36  PERCENTAGE OF ACTIVATION [%] 

Finally, the possible revenues from ASM have been calculated as follows: 

 Secondary/Tertiary Upward reserve: 

{
 
 

 
 𝑖𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 > 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑤),𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑎𝑠) ∗ % 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 ∗ (𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 − 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛)

𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 < 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑝𝑤) = 0; 𝐺𝑟𝑖𝑑𝑠𝑜𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑜𝑓𝑓𝑒𝑟 𝑖𝑡𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

 

For all the ancillary services, GRIDSOL is assumed to offer its capacity (Upward) only in case the average 

price at which it would be payed is greater than the cost is would have to afford to make available a 

certain amount of energy. 

 Secondary/Tertiary Downward reserve: 
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{
 
 

 
 𝑖𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 < 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝐷𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑑𝑤),𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 = 𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑎𝑠) ∗ % 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 ∗ (𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 − 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝐷𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛)

𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 > 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝐷𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑑𝑤) = 0; 𝐺𝑟𝑖𝑑𝑠𝑜𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑜𝑓𝑓𝑒𝑟 𝑖𝑡𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

 

In case of downward capacity, similarly, GRIDSOL will be supposed to participate to the market only in 

case the average buying cost is lower than the cost it would have to afford to produce the same amount 

of balancing energy. 

10.1.2. QUANTITATIVE ANALYSIS OF THE ANCILLARY SERVICE MARKETS: ITALY 

Figure 42 provides a schematic description of the ancillary services traded in the Italian ASM. (Italian 

acronym: MSD.) 

FIGURE 42: SCHEMATIC REPRESENTATION OF THE ITALIAN ANCILLARY SERVICE MARKET  

 
SOURCE: TERNA 

Only programmable 'relevant' production units (> 10 MVA) can voluntarily participate in MSD requiring a 

specific "qualification" to the Italian TSO (Terna), but once qualified they are required to offer all the full 

amount of regulation to go up and down resulting from programs of day ahead market. 

Terna procures the resources necessary to ensure the safe operation of the system in the MSD Market. 

Compared to the day-ahead market (MGP), the MSD is, by its nature, characterized by a much more 

concentrated supply structure, since it is open only to the production units that, for their specific 

performance and/or their location, can effectively and efficiently deliver Terna those services necessary 

for the safe operation and the security of the system (resolution of intra-zonal congestion, power 

reserve, balance, etc.). 

During the programming phase (ex-ante MSD), Terna accepts bids for purchase (downward) and sale 

(upward) of energy for: 

 the supply of secondary and tertiary control reserves, both upward and downward; 

 the resolution of intra-zonal congestion (the resolution of structural congestion between zones is 

made in the day-ahead market through the market splitting mechanism). 

During the phase of real time management, namely the Balancing Market (MB), Terna accepts upward 

and downward offers to: 
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 use and replacement of reserve margins procured during the programming phase; 

 the real-time balance between injections and withdrawals on the network. 

All MB sessions close 1 hour and half before the time of delivery. 

Presentation of offers: 

All relevant units must communicate the price at which they are willing to change their dispatching 

program resulting from the day-ahead market. The offers are relative to different offered services: 

 Switch On / shutdown of the production unit 

 Secondary Reserve (up / down fast regulation: order of a few minutes) 

 Other Services (up / down fast regulation with slower reaction time : 5 ', 15', 60 ') 

Programming phase: 

Terna changes the dispatching program of the plants in order to: 

 Solve the expected intra-zonal congestions  

 Have sufficient secondary and tertiary reserves  

Phase of real-time management:  

Terna uses the offers of the MSD for the real-time balance. Offers are remunerated with the pay-as-bid 

system. The accepted prices of MB are used for the definition of the imbalances prices. 

In the MSD ex-ante Market, switch-on of some power unit up to technical minimum and downward 

regulation are the main services traded after the day-ahead market results, if there are not enough 

primary and tertiary regulation reserve margins. In the MB Market, Terna procures mainly secondary 

regulation and downward and upward balancing services. 

Ancillary services are procured mainly in areas with high non-programmable renewable penetration and 

lower presence of programmable generation.  

The most flexible technologies have the most important role in the MSD. Mainly hydroelectric plants, 

pumping storage plant and also CCGT are used for balancing purposes. Other technologies have a 

residual share of the Market due to technical constraints (coal, cogeneration) or higher variable costs 

(conventional systems). OCGT (Open Cycle Gas Turbine) are used as a prompt reserve in real-time 

balancing. 

The majority of the ancillary services are procured in the Southern part of Italy due to relative higher 

penetration of non-programmable renewable energy while the overall yearly electricity production is 

higher in the North of the Country. Sicily and Sardinia are islands interconnected to the mainland, which 

require specific services for local network control. 

As discussed in Table 34, the two considered ancillary services for the possible GRIDSOL remuneration 

are: 

 Secondary Reserve 

 Tertiary Reserve 
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Concerning the secondary reserve, national rules require participants to be able to offer at least 10 MW 

of capacity, both upward and downward. On the contrary, no specific requirements have been 

considered for the case of tertiary reserve. 

From the analysis of available historical data of 2015 of the Italian ASM (Table 37), the average Upward 

and Downward prices for both secondary and tertiary reserve were then updated to the expected 2030 

price, proportionally to the expected evolution of average market prices and different scenario 

assumptions (i.e. variation of fuel and CO2 costs). [8] 

 

 Secondary Reserve (2015) Tertiary Reserve (2015) 

Upward price [€/MWh] 122.0 86.7 

Downward price [€/MWh] 16.2 18.9 

TABLE 37  HISTORICAL AVERAGE PRICES ASM  ITALY-  SECONDARY AND TERTIARY RESERVE 

Following the methodology to assess the available upward and downward reserve that could be offered 

by GRIDSOL, considering national framework (that in this case concerns only the constraint to be able to 

offer hourly at least +/- 10 MW of capacity and assuming the percentage of activation reported in Table 

7), the revenues from secondary reserve service that could be earned by GRIDSOL on the Italian ASM 

have been calculated. 

10.1.3. QUANTITATIVE ANALYSIS OF THE ANCILLARY SERVICE MARKETS: SPAIN AND PORTUGAL 

As introduced in Table 34, the two ancillary services considered in this analysis, to assess the possible 

GRIDSOL revenues are Secondary and Tertiary reserves. 

Respecting the constraint of minimum bid size of 10 MW,  the participation to the market is not 

mandatory for generators and remunerated under two concepts [9]: 

 Capacity (Regulation Band) 

 Energy Usage. The effective net energy price is the marginal price of the tertiary energy price 

(replacement reserve) which has been necessary to assign for the replacement of the restoration 

reserve. 

Similarly to the methodology presented in the Chapter 10.1.1, the assumption made for the Spanish 

secondary reserve market is that only a certain percentage of the overall offered capacity by GRIDSOL 

along the whole year is accepted.  

The amount of offered capacity is calculated according to the following constraints, similarly to the ones 

presented below:  

{
 

 
𝑖𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 > 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝑈𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑤) = 𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑢𝑤)

𝑒𝑙𝑠𝑒
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑢𝑤) = 0; 𝐺𝑟𝑖𝑑𝑠𝑜𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑜𝑓𝑓𝑒𝑟 𝑖𝑡𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

 

  

{
 

 
𝑖𝑓 𝑝𝐴𝑉𝐺,𝑚𝑘𝑡 < 𝑐𝑜𝑠𝑡𝑎𝑣𝑔,𝐷𝑊 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑑𝑤) = 𝑃𝐺𝑅𝐼𝐷𝑆𝑂𝐿 (𝑑𝑤)

𝑒𝑙𝑠𝑒
𝑅𝐺𝑅𝐼𝐷𝑆𝑂𝐿(𝑑𝑤) = 0; 𝐺𝑟𝑖𝑑𝑠𝑜𝑙 𝑑𝑜𝑒𝑠 𝑛𝑜𝑡 𝑜𝑓𝑓𝑒𝑟 𝑖𝑡𝑠 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
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Once the maximum available capacity that GRIDSOL is willing to offer on the market is defined, we 

assume that only a part of it will be accepted and remunerated at marginal price. Accordingly, we also 

assume that 90 % of the time GRIDSOL will be called to activate all the capacity offered, and 

consequently the related costs and the final net revenues are calculated. 

𝑅𝑒𝑣𝑒𝑛𝑢𝑒𝑠𝑡𝑜𝑡,𝐺𝑅𝐼𝐷𝑆𝑂𝐿 = 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑𝑢𝑝−𝑑𝑤 ∗ 𝐴𝑣𝑔 𝑚𝑘𝑡 𝑀𝑎𝑟𝑔𝑖𝑛𝑎𝑙 𝑝𝑟𝑖𝑐𝑒 − 𝐴𝑐𝑡𝑖𝑣𝑎𝑡𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦𝑢𝑝−𝑑𝑤 ∗ 𝑎𝑣𝑔 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑠𝑡 

Considering the Tertiary Reserve service, its remuneration scheme foresees the participation to a 

marginal market where the final price is determined by the last aggregated bid deemed necessary in all 

or part of each operation period to fulfil the upward or downward requirements. The average market 

upward and downward prices used to assess the final GRIDSOL revenues are reported in the following 

table.  

 Tertiary Reserve (2016) 

Upward price [€/MWh] 49.4 

Downward price [€/MWh] 19.3 

TABLE 38  HISTORICAL AVERAGE PRICES ASM  SPAIN AND PORTUGAL-  TERTIARY RESERVE 

The same assumption and data available for the Spanish case analysis have been used also for the 

calculation of the possible GRIDSOL revenues in Portugal, since the ASM structure in Portugal is the 

same as in Spain  [10]. 

10.1.4. QUANTITATIVE ANALYSIS OF THE ANCILLARY SERVICE MARKETS: FRANCE 

Differently from the other target Countries, the ancillary services that have been considered in France 

during the assessment of for the GRIDSOL revenues are: 

 Primary Reserve (FCR) 

 Secondary Reserve 

 Tertiary Reserve 

Primary reserve service is provided through FCR (Frequency Containment Reserve) cooperation among 

France, Germany, Switzerland , Netherlands and  Austria (the platform is called Regelleistung). This 

market coupling represents actually the largest PCR market of Europe, with a total current demand of 

over 1350 MW. The main characteristics of the market are that calls for tenders are weekly and take 

place on Tuesdays at 15:00 hours.  

Here some numbers: from January 2018, a total PCR of nearly 1400 MW is procured. As per the 

requirements, the maximum PCR export allowed is 30 % of the Country's needed PCR, but never less 

than 100 MW. This results in the following values for the participating Countries: 100 MW for Belgium, 

Denmark, the Netherlands, Austria and Switzerland, 186 MW for Germany and 160 MW for France [11]. 

The remuneration scheme for primary reserve provision is made on the basis of [12] : 

 Energy activated: assuming that GRIDSOL is to be able to offer hourly 1 MW of primary reserve (both 

upward and downward) the final revenues were calculated following the same methodology 

presented in chapter 10.1.1.   
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The same percentage of activation as the other countries were assumed, while the average market 

prices, referred to the year 2016 and obtained from an analysis of historical data (proportionally 

modified for the 2030 Sustainable Transition Scenario) are the ones reported in the following table. 

 Primary Reserve (2016) 

Upward price [€/MWh] 34.1 

Downward price [€/MWh] 34.6 

TABLE 39  HISTORICAL AVERAGE PRICES ASM  FRANCE-  PRIMARY RESERVE 

The provision of the secondary reserve service, in France, is mandatory for all the generation units with 

a capacity  ≥ 120MW. In our case, the only GRIDSOL configuration required to participate to the market 

is the Smart Renewable Hub Flexible configuration, that in none of the target Country has been selected 

as best performing solution. 

The remuneration scheme, includes two forms of payment [13]:  

 Reserved capacity (€/MW) : 160 M€/MW-year 

 Adjustments effectively required (€/MWh), with reference prices set every year according to RTE 

rules.  

In the GRIDSOL case we assumed that GRIDSOL revenues are only related to the amount of energy 

activated. No remuneration for the reserved capacity has been considered since, in the French thermal 

generation mix, where Nuclear power plants represent 75 % of the installed capacity, the probability for 

GRIDSOL to be accepted as secondary reserve capacity unit is very low. 

Similarly to the Secondary Capacity mechanism, in case of Tertiary Reserve allocation the only payment 

considered for the assessment of the average possible GRIDSOL revenues are related to Activated 

energy8.  

Hence, the possible revenues for GRIDSOL on the two considered markets have been calculated by the 

methodology described in 10.1.1. 

 Secondary Reserve (2015) Tertiary Reserve (2015) 

Upward price [€/MWh] 122.0 86.7 

Downward price [€/MWh] 16.2 18.9 

TABLE 40  HISTORICAL AVERAGE PRICES ASM  FRANCE-  SECONDARY AND TERTIARY RESERVE 

10.1.5. QUANTITATIVE ANALYSIS OF THE ANCILLARY SERVICE MARKETS: GREECE 

The Greek Auxiliary Services market is included in the Day-Ahead Wholesale Market (the so-called 

“mandatory pool”), and optimized simultaneously with Forward Wholesale Market and a Market for 

                                                           

 

 

8
 French payment mechanisms foresees a payment of 24 000 €/MW-year for capacity allocation 
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Auxiliary Services. The auxiliary services and reserves which are necessary for ensuring the quality and 

reliability of the system are traded on the Market for Auxiliary Services. Differently from the other 

considered Countries, no intra-day electricity market in currently present in Greece, that is currently 

working on the development of the new electricity market model that aims at integrating the Greek 

electricity market in the European electricity market, allowing the long-term efficient operation of the 

electricity market in the Country. However, due to the lack of historical data, the possible revenues from 

Greek ASM have not been considered in these analysis.  
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11. APPENDIX III: DEMONSTRATOR SOFTWARE (BELONGING TO D5.3) 

At the end of the analysis of SRH/GRIDSOL in the European wholesale electricity market, a demonstrator 

of the software used for the simulations (called here “Market Simulator for GRIDSOL”, MSG) is delivered 

only to the Parties of the GRIDSOL Project as a conclusion of the Deliverable D5.3, according to the 

GRIDSOL project Grant Agreement. MSG allows the Parties to carry out sensitivity analysis of the 

European wholesale electricity market by varying SRH/GRIDSOL configurations and fuel costs in the 

reference 2030 Sustainable Transition Scenario. MSG has been developed, within the execution of the 

GRIDSOL Project, starting from the PROMED/PROMEDGRID software, a powerful tool owned by CESI 

used for wholesale electricity market analysis, declared as “Background” in the Consortium Agreement, 

and for this reason not part of the delivered Results. According the conditions set in the Grant 

Agreement, both MSG and set of data must be kept confidential within the Project Consortium. MSG 

shall be used according to and to the extent of the terms therein specified. 

The MSG includes an interface, meant to introduce, in the scenario, the SRH/GRIDSOL power plants to 

be analysed with the relevant detailed configuration and to run the simulation. An interface manual and 

a user manual reporting a detailed description of the required input, output and model are also supplied 

to the Parties. 

 

 

The following figure (Figure 43) shows how the interface looks like. 

 

FIGURE 43: GRIDSOL  MARKET TOOL INTERFACE 
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The main toolbar command allows the following functionalities: 

 Select Work Directory: used to select the path where all scenario inputs are located 

 Edit plants file: it allows to visualize, create and/or edit GRIDSOL power plants characteristics  

 Exec: the button allows to run Demonstrator Software simulation 

 Help  

 Exit: used to close the interface application 

 

The execution of the Demonstrator Software requires at least 16 GB RAM memory, otherwise an 

“allocate memory error” occurs. 

 

 


