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1. INTRODUCTION
On the quest of decarbonising the future energy systems and limit the dependency on fossil fuels for
energy purposes, the GRIDSOL project investigates the concept of Smart Renewable Hubs (SRH) to
facilitate the transition. By hybridizing flexible and dispatchable renewable based plants, such as
concentrated solar power (CSP), with storage systems and biomass/natural gas generators, the GRIDSOL
concept has the potential to foster renewable-based technologies and play a key role in future electricity
markets.
The report presents the outcomes from the analyses performed in the work package 7 (WP7), focusing
on the impact of GRIDSOL in energy systems. The analyses are presented in various deliverables and are
performed through different approaches:




developing a method to assess cost-effective configurations of Smart Renewable Hubs (D7.1)
investigating the feasibility of GRIDSOL solutions in continental and island systems (D7.2)
assessing the GRIDSOL potential and the impact of SRH in the European power system (D7.3)

In particular, the deliverable D7.1, developed in collaboration between COBRA, IDIE and NTUA, focuses
on the novel approach for project development of Smart Renewables Hubs, dealing with regulatory and
policy obstacles and proposing sustainable roadmaps towards EU decarbonisation goals up to 2050. It also
presents the life cycle and cost analysis (LCCA) of potential GRIDSOL plants and the additional benefits
(e.g. CO2 emissions reduction) or challenges (environmental and health issues) that could arise, following
a potential integration of GRIDSOL in various locations.
The deliverable D7.2, developed by the Technical University of Denmark (DTU), focuses on the feasibility
analysis of GRIDSOL configurations for relevant island and continental energy systems. The analysis builds
on the work developed in other work packages (e.g. technology configurations from WP2 or future
electricity prices from WP7) to establish the cost-effectiveness of different GRIDSOL configurations,
considering the tailored remuneration frameworks, the local energy supply and potential future
development of technology costs, CO2 and fuel prices.
Last, the deliverable D7.3, by EA Energy Analyses, investigates further on the evolution of the European
power sector, the potential of GRIDSOL and the composition of Smart Renewable Hubs until 2050, in a
market setting without subsidies and under different possible decarbonisation pathways. The work is
developed using the in-house model Balmorel, a fundamental energy systems model representing the
European power network in terms of operation and investments of energy technologies and transmission
lines, and considering the development of technology costs, CO2 and fuel prices.
The aim of this deliverable is to summarize the key findings from the various work-packages, highlighting
the expected impact of the GRIDSOL concept in future energy systems, from different perspectives.
Following the introduction, the remainder of the report is structured as follows. Section 2 presents a
description of the focus cases and the contributions from each deliverable, focusing on the attractiveness
of the GRIDSOL concept, highlighting pathways, policies, challenges and opportunities for smart
renewable hubs in the sustainable energy transition. Last, Section 3 concludes the report.

GRIDSOL impact in summary

D7.4

5

2. THE WP7: PARTICIPANTS, CASES AND CONTRIBUTIONS
2.1. M ETHODOLOGY ASSESSMENT FOR S MART R ENEWABLE H UBS IMPLEMENTATION (D7.1)
The work presented in the deliverable D7.1 covers the activities from Task 7.2 and Task 7.3 focusing
respectively on the First of its kind (FOIK) projects and on the life cycle and cost analysis (LCCA) of GRIDSOL
configurations. Furthermore, it touches upon the methodology employed for designing smart renewable
hubs; last, it proposes policy brief and roadmaps for the implementation of SRH in the framework of the
future sustainable energy transition.

2.1.1. M ETHODOLOGY FOR SMART RENEWABLE HUBS IMPLEMENTATION
On the basis of the SRH-M model, developed by WP2 project partners, the GRIDSOL project sets up a new
approach to energy project development, including criteria such as flexible generation and grid stability,
in the decision making process.
At first, the analyses select a suitable site, considering both EU continental and island locations. According
to the location, the model defines the scenario for the simulations considering e.g. the resources available,
land availability, generation fleet, demand curve, electricity price curve, etc. The set-ups implemented
reflect the grid codes, the market rules and the operational rules of the technologies according to the
location selected. For instance, for isolated energy systems the priority is to satisfy the demand at all costs,
maintaining the balance on the isolated grid. For continental locations, the focus is more on the
competitive characteristics of the energy production, in terms of electricity prices and role in the various
electricity markets. Hence, the “optimization mode” adopted for assessing the smart renewable hubs is
demand based in island systems, and price based in continental systems.
Using on a series of cascade optimization algorithms, the SRH-M model thus selects the most suitable
combination (and size) of energy technologies, providing optimal configurations for each location. The
configurations are then used for the feasibility analysis developed in D7.2.

2.1.2. F IRST OF ITS KIND – FOIK
The innovative case proposed by the GRIDSOL project, employing hybrid systems based on renewable
plants with energy storage systems, is likely to face challenges typical of First-of-its-kind (FOIK) projects:




Lack of regulatory framework
High perceived risk from investors and lenders
Insufficient standardization

Hence, in the framework of the Task 7.2, the GRIDSOL project aims at reducing the perceived risk, by
carrying out two concrete case studies, on a continental and on an island location. The study is performed
assessing GRIDSOL's regulation capacity when integrated in a real grid, in combination with other
renewable and non-renewable energy sources. Based on the SRH-M model, the analyses define the
optimal combination of technologies, maximizing the use of the available renewable sources while
providing an output that complies with the restrictions of the grid. Figure 1 illustrates the steps.
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F IGURE 1 S TEPS FOR THE ANALYSIS OF GRIDSOL IN THE SELECTED LOCATIONS .

In particular, the study aims at quantifying the value of storage for flexible generation through hybrid
solutions at an affordable cost. The SRH configuration is optimized for the desired location, aiming at 80%
renewable content and a rate of return above 7.5 % for a 25 year lifetime. The locations analysed are
Marseille (France) for the continental grid, and Crete (Greece) for the island grid.
The outcomes show different SRH configurations according to the locations:



Continental: PV, Wind and BESS
Island: CSP, TES, PV, Wind, BESS and HYSOL

Figure 2 illustrates the resulting optimal configuration, while Table 2 reports the technical characteristics
of the technologies in the hubs.

Continental interconnected grid
F IGURE 2 S MART RENEWABLE HUBS

Island isolated grid
CONFIGURATIONS FOR CONTINENTAL AND ISLAND LOCATIONS .

The results highlight a considerable difference between the continental and island configuration. While
the SRH in Marseille is only composed by PV and wind with batteries, the configuration in Crete also
includes concentrated solar power (CSP), thermal energy storage (TES) and HYSOL, due to the greater
need of flexibility to displace fossil fuel plants.
T ABLE 2: C HARACTERISTICS OF GRIDSOL CONFIGURATIONS IN CO NTINENTAL AND ISLAND

LOCATION .

Technology

Marseille (continental)

Crete (island)

Wind [MW]
PV [MW]

10
70

10
34
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Batteries power [MW]
Batteries capacity [MWh]
Gas turbine [MW]
Steam Turbine [MW]
Thermal Energy Storage [h]
Solar Multiple

64
1.5
-

11
12
9
12
17
2.2

Furthermore, Table 3 shades light on indicators such as renewable (RE) content and levelised cost of
energy (LCOE) and shows how, by introducing GRIDSOL, both gross margin and market value increases.
T ABLE 3: I NDICATORS OF GRIDSOL

Indicator

CONFIGURATIONS IN CO NTINENTAL AND ISLAND LOCATION .

Marseille (continental)

Crete (island)

2

2

RE content [%]

100

81.8

LCOE [€/MWh]

84

173.4

Gross margin [€/MWh]

+5.6

+6.6

Market value [€/MWh]

+2.8

+26.6

Land used [𝒌𝒎𝟐 ]

Aside from the study performed to prove the technical feasibility of the GRIDSOL concept, the project
leading company, COBRA, has started the implementation of FOIK hybrid solutions. For instance, Figure 3
reports an aerial view of the Manchasol plant, where a PV plant with 154.16 MWp capacity has been
recently connected, at the point of common coupling, to a parabolic through CSP plant (2x50 MW)
coupled with a 7.5 h thermal energy storage. Furthermore, the company is investigating other FOIK
projects related to the GRIDSOL concept, promoting solar PV-wind-battery systems in Canary Islands or
CSP-PV-biomass hybrid plant and solar PV-battery storage systems in continental Spain.

F IGURE 3 A ERIAL VIEW OF THE HYBRID M ANCHASOL PV-CSP PLANT .
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2.1.3. L IFE CYCLE AND COST ANALYSIS – LCCA
To have a thorough assessment of the GRIDSOL impact in selected locations, the work in Task 7.3 develops
a life cycle and cost analysis (LCCA), focusing on the environmental impact of GRIDSOL plants. The analysis
addresses all phases of the project, from cradle (i.e. plant construction) to grave (plant dismantling),
presenting the environmental impact resulting from the emission reduction (CO2, SO2, NOx among other).
The evaluation also includes other effects, such as noise, air quality, impact on animals or plants, that may
arise due the presence of the GRIDSOL plants.
The environmental impact of the GRIDSOL plant throughout its life cycle is performed using the Eco –
Indicator 99 method, which uses indicators to express the total environmental impact of a material or
process involved in a project [1], [2]. The environmental evaluation considers three types of damages: 1)
to human health, 2) to the ecosystem and 3) to resources. The Eco – Indicator 99 provides values for all
materials, production processes, transport processes, energy generation processes and disposal scenarios
involved. According to the method, the value of 1 point represents one thousandth of the yearly
environmental load of one average European inhabitant.
The study is performed in nine locations:



Continental: Marseille (France), Peloponnese (Greece), Faro (Portugal), Extremadura (Spain) and
Puglia (Italy)
Island: Crete (Greece), Madeira (Portugal), Cyprus and Fuerteventura (Spain)
T ABLE 4: E NVIRONMENTAL IMPACT

OF

GRIDSOL PLANT .

Continental case [*𝟏𝟎𝟗 ]

Island case [*𝟏𝟎𝟗 ]

Extraction and manufacturing

3.1

3.6

Construction

0.8

0.9

Operation and maintenance

3.3

3.8

Dismantling

0.8

0.9

Disposal1

-0.6

-0.7

TOTAL

7.4

8.5

Phase

The results of the life cycle analysis are reported in Table 4, according to phase and location2. According
to the Eco-Indicator 99, the outcomes thus highlight that the overall environmental impact of the GRIDSOL
plant, throughout its 25 year life cycle, is equal to the yearly environmental impact of 7.4 million
(continental) and 8.5 million (island) average European citizens. Nonetheless, the installation of GRIDSOL
plants will lead to considerable CO2 emissions reduction for energy purposes, as renewable-based
technologies will replace conventional generators. The analysis of CO2 emission reduction shows that,
under the different scenarios simulated, Fuerteventura and Madeira will enjoy the largest absolute (147.000 tn/year) and relative (-9.8%) emission reduction in 2050, comparing an energy system with and
without GRIDSOL. For the continental cases, Extremadura (Spain) and Faro (Portugal) will have the largest
absolute (-1.5 mill tn/year) and relative (-5.8%) benefits in terms of emission reduction.

1

The negative sign is due to recycling processes, which reduce the overall environmental impact.
As it is assumed that the impact of the materials will be the same for every continental/island location selected,
the results are presented broadly as island and continental case.
2
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Last, the analysis considers the environmental impact of side-effects, such as noise, air quality, impact on
biodiversity or crop, that may arise due the presence of a GRIDSOL plants. The outcomes show that only
few sites would be vulnerable to the effects, mostly due to the proximity of the plants to cities. For these
sites, the study advices to perform more analyses on specific indicators, in order to ensure the long term
well-being of the biodiversity of the area. Other locations appear to be suitable for the project realization.

2.1.4. P OLICY BRIEF AND ROADMAPS
The deliverable D7.1 concludes the report proposing policy recommendations, based on the outcomes of
the analyses performed. Future energy systems, characterized by a high penetration of variable
renewable energies, will likely require the need of flexibility (e.g. through energy storage solutions) to
cope with the progressive shut-down of conventional power plants. Smart Renewable Hubs, characterized
by hybrid systems with renewable technologies and storage systems, can provide the required flexibility
and stability, replacing the previous role of fossil fuel plants.
The project has investigated the regulatory frameworks to install smart renewable hubs in continental
South European Countries (Spain, Italy, Greece, etc.) and in non-interconnected island systems (e.g.
Canary Islands, Crete, Madeira, etc.).
The main recommendations are the following:
1. Plants with more than one generator, using different primary energy resources, should be
classified a single plant for legal purposes;
2. SRH should be connected to transmission/distribution grid at the same point of common coupling;
3. SRH should be operated as a unique plant with a single point of common coupling, presenting
only one bid to the wholesale market;
4. All generation and storage technologies should enter the electricity market on equal conditions;
5. New codes and permits should be developed for access, connection and operation of SRHs;
6. Mechanisms for SHR deployment without subsidies should be promoted by creating markets
where the SRH plants can be profitable;
7. A hybrid power plant with battery energy storage should be able to use the stored energy for time
shifting or other services;
8. A power plant should be allowed to be a “storage-only” facility (e.g. stand-alone battery).
To conclude, the regulatory guidelines to policy makers in order to achieve a sustainable energy transition
trough Smart Renewable Hubs development are:
•
•
•

To define regulatory frameworks and market mechanisms that enable the development of hybrid
plants with storage at EU level and member state level;
To develop the permitting process for the installation of hybrid plants with energy storage
including appropriate grid codes for its access, connection and operation in the grid;
To define the participation of hybrid plants with storage in the electricity market and to develop
new flexibility markets for the energy transition.
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2.2. F EASIBILITY OF GRIDSOL SOLUTIONS (D7.2)
The work presented in the deliverable D7.2 covers part of the activities from Task 7.1, focusing on
indicators and power system integration. It elaborates on the feasibility analysis of GRIDSOL
configurations for relevant island and continental locations. On the basis of GRIDSOL plants
configurations, cost and technical data, the analysis investigates on the market framework conditions of
the selected locations, identifying gaps and opportunities for potential GRIDSOL investments.

2.2.1. M ONITORING OF POTENTIAL SITES FOR GRIDSOL INVESTMENTS
The European Union (EU), on the quest of reducing the use of fossil fuels for energy purposes, aims at
decarbonizing its energy systems establishing long term targets of carbon dioxide (CO2) emission
reduction. To meet climate and energy target, policy strategies, such as 2020 goals [3] or 2030 Energy
Strategy [4], pose binding target legislations for each member country, facilitating a shift in primary
sources of energy production towards more sustainable alternatives. The path for the energy systems
transformation includes an intensive deployment of renewable based technologies (RES), an
improvement in the performances of the current and new equipment through energy efficiency (EE) and
a shift in the fuel used for energy generation processes. In this context, the GRIDSOL project proposes
Smart Renewable Hubs (SRHs) designed to provide security of supply on tailored-specific locations by
means of a single steady output, combining different renewable and storage technologies [5]. Thanks to
its potential flexibility, GRIDSOL represents a valuable alternative to conventional plants; not only for noninterconnected islands power systems, based on aged fossil-fuel technologies and characterised by high
electricity prices, but also for continental sites, characterized by a large availability of renewable sources.
On the basis of the results from the technical analyses performed by project partners, the report
investigates the financial feasibility of GRIDSOL solutions, for selected locations, from a private-investor
perspective. Economic indicators such as Net Present Value (NPV), Internal Rate of Return (IRR), and
Levelised Cost of Electricity (LCOE), are used to evaluate the financial performances. The same indicators
are also employed to assess the attractiveness of GRIDSOL investments under different conditions.
The sites analysed are: Crete (Greece), Fuerteventura (Spain), Madeira (Portugal) for the island cases and
Extremadura (Spain), Puglia (Italy) and Marseille (France) in the Provence-Alpes-Cote d’Azur (PACA), for
the continental cases.
T ABLE 5: L ONG TERMS AVERAGES O F DIRECT NORMAL IRRADIATION (DNI) AND GLOBAL HORIZONTA L IRRADIATION (GHI) PER YEAR . D ATA
FROM THE G LOBAL S OLAR A TLAS [6].

Site
Crete
Fuerteventura
Madeira
Extremadura
Marseille
Puglia

Direct Normal Irradiation
(DNI) [𝒌𝑾𝒉/𝒎𝟐 ]
2000
2000
1200
2000
1900
1600

Global Horizontal Irradiation
(GHI) [𝒌𝑾𝒉/𝒎𝟐 ]
1800
2000
1500
1750
1600
1600

The monitoring of potential sites for GRIDSOL investments focused on the availability of primary
renewable sources such as sun and wind and on the grid interconnections. The availability of primary
renewable energy sources is the essential core of renewable energy generation through technologies like
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wind turbines, photovoltaics and concentrated solar power (CSP) plants. The choice of a specific site is
thus paramount in regard to the availability of these resources. In terms of solar radiation, the CSP is
linked to the DNI3 potentials while the PV technology directly converts GHI3 in electricity. According to
these considerations, Table 5, reporting an overview of the DNI and GHI potentials, confirm the suitable
choice of the locations selected.

F IGURE 4 G EOGRAPHY OF POTENTIA L GRIDSOL SITES (E LABORATED FROM [7], [8]).

Likewise, in terms of wind potentials, Table 6 provides indications about the wind resources, highlighting
the promising potential for the location selected (see e.g. Crete, Marseille and Fuerteventura).
T ABLE 6: M EAN WIND SPEED AND A VERAGE POWER DENSITY AT 50, 100, 200 M
( ELABORATED FROM [9]).

Site
Crete
Fuerteventura
Madeira
Marseille
Puglia
Extremadura

3

OF WIND TURBINE TOWER FOR SELECTED LOCATIONS

Mean power density [𝑾/𝒎𝟐 ]

Mean wind speed [𝒎/𝒔]
@ 50 m
6.76 - 10.2
7.32 - 9.01
6.34 - 8.07
5.81 - 10.2
5.25 - 6.59
4.08 - 6.06

@ 100 m
7.30 - 10.6
7.83 - 9.38
6.60 - 8.11
6.59 - 10.1
5.86 - 7.36
4.93 - 6.93

@ 200 m
7.84 - 10.9
8.33 - 9.93
6.87 - 8.24
7.46 - 10.3
6.34 - 8.05
5.61 - 7.01

@ 50 m
905
489
434
950
311
212

@ 100 m
1055
593
464
1022
396
276

@ 200 m
1246
785
505
1188
530
366

Direct Normal Irradiation (DNI) and Global Horizontal Irradiation (GHI).
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The analysis also focus on the status and future plans for interconnections, due to the impact that they
can have on the system. The advantages of a well interconnected system are: lower cost of
interconnecting new RES energy plants, a safe and secure procurement of electricity, possibility to import
and export electricity according to economic convenience and/or technical circumstances, a resilient grid
system ready to withstand sudden events and generally lower electricity prices (compared to isolated
systems). On the contrary, non-interconnected islands power systems present more issues, particularly in
relation to volatile production from renewable energy technologies for grid stability, import and export
of energy and, as a consequence, electricity prices. Among the locations analysed, the island sites will
likely be impacted the most following an interconnection to the mainland. Nonetheless, only Crete has
concrete plans of interconnection in the short-term (2020-2022); Fuerteventura, in the long-term, might
be connected to other islands in the Canarias Archipelago and, ultimately, be connected to Morocco.
Madeira will maintain its isolation status for an undefined horizon.

2.2.2. M ARKET FRAMEWORK ASSESSMENT
The feasibility study considers thoroughly the different market framework conditions on the locations
selected for the GRIDSOL assessment. Indeed, the existing energy mix, the electricity market structure (if
existing) and remuneration frameworks in place can have an influence on the project cost-effectiveness.

Share in total production

Island

Fossil fuels (FF)
80%
60%
40%
20%
0%
C FM

C FM

C FM

C FM

2011

2012
2013
2014
2015
2016
Locations (C = Crete, F= Fuerteventura, M = Madeira)

C FM

C FM

C FM
2017

RES

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX
PU
PACA
EX

Share in total production

Fossil Fuels

Continental

RES

100%

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

Locations (PU = Puglia, PACA = Provence -Alpes-Cote d'Azur, EX = Extremadura)
F IGURE 5 E NERGY PRODUCTION FOR

ELECTRICITY DEMAND PURPOSES BY LOCATION AND YEAR ( RETRIEVED FROM
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In terms of energy generation, all locations are characterised by a large share of fossil fuel sources in
electricity production. The average contribution of renewable energy sources, over the past years, is
larger in continental locations (around 35%), compared to all island sites (around 17%).
Island power systems are characterised by specific market conditions. Due to their isolation status, they
often lack the base characteristics necessary for setting up a competitive wholesale electricity market (e.g.
insufficient power producers and no import/export possibilities). Hence, island network operators
generally manage the conventional and RES units available through a variable costs-based dispatch,
aiming at minimising the conventional units operation costs and maximising the RES penetration, while
satisfying basic needs of security of supply. Consequently, units are remunerated according to different
schemes, often including capacity or operational-based schemes, particularly for RES-based projects, to
allow a legitimate remuneration for those technologies. Table 7 provides an overview of the policies
currently in place, to regulate the electricity production and RES investments in the island energy systems.
T ABLE 7: R EMUNERATION MECHANISMS FOR ENERGY PRODUC TION IN THE ISLAND

Location

Remuneration

Plant Type

Crete

Law 4414/2016

RES
Cogen.

Fuerteventura

Madeira

Régimen Retributivo
Adicional
Régimen Retributivo
Específico
Special Production
Regime

Fixed Costs
[€/MW]

LOCATIONS ANALYSED

Variable Costs
[€/MWh]

Power
Remuneration
[€/MWh]

X
X

RES

𝑅𝑖𝑛𝑣

𝑅𝑜 , 𝐼𝑖𝑛𝑣

Convent.

X

X

RES
Cogen.

[11-14].

X

X
X

In Greece, feed-in tariffs are only available for non-interconnected systems; meaning that once Crete is
connected to the mainland, the support will switch to feed-in premium (FIP). In Fuerteventura, the
support is available in different forms, according to two different Real Decretos (RD). The RD 738/2015,
establishing the Régimen Retributivo Adicional, regulates the electricity production in non-peninsular
territories and defines regulations and remuneration mechanisms for conventional and renewable power
plants [12]. The RD 413/2014 elaborates thoroughly on the support mechanisms for renewable-based
technologies and aims at covering the high installation costs, eventually allowing RES plants to compete
equally with well-established technologies, to obtain a reasonable profit and to reduce the overall system
costs. The Decretos guarantee that the high installation costs for RES based projects are reduced, through
a capacity based support [€/MW], based on the size and overall availability of the plant during the year.
The Decretos also define a support for variable costs (𝑅𝑜 [€/MWh]) tailored according to the plant type
and characteristics and, only for new RES installation, an additional incentive 𝐼𝑖𝑛𝑣 [€/MWh]. Finally, all RES
based plants are receiving a power remuneration on top of these incentives (𝑃ℎ𝑣𝑒𝑛𝑡𝑎 ). In Madeira, the
remuneration framework is slightly different, and it is based on profits from the sale of electricity at a predefined value (i.e. maximum allowed revenues per unit). The Regulatory Agency for the Energy Services
(Entitade reguladora dos serviços energeticos - ERSE, in Portuguese), responsible for electricity tariffs in
the island, compensates the local electricity operator (“Empresa de Electricidade da Madeira - EEM”) for
the difference between generation costs and electricity tariffs. The difference, defined as “deficit tariff”,
represents a burden for the Portuguese state. Hence, to minimize the deficit and support electricity
generation with lower costs, the Special Production Regime (PRE) has been implemented in Madeira [14].
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On the contrary, the remuneration for continental locations is largely market-based. Although previous
remuneration frameworks were based on systems like feed-in tariffs, the short-term future is more likely
to be dominated by sliding-premium tariffs (considering a reference value of guaranteed support linked
to the market prices), thus exposing the technology owners to market fluctuations. However, the support
frameworks will likely change in the long-term future. In this framework, the analyses use the concept of
market value to assess the profitability (and revenues) of the GRIDSOL configurations in continental sites
and, for future simulations, disregard the availability of any type of support for renewable generators.

2.2.3. E CONOMIC ASSESSMENT AND FEASIBILITY ANALYSIS
With the aim of assessing the feasibility of GRIDSOL solutions in the different location analysed, and on
the bases of the market framework assessment, the study develops a cash flow tool. Details about
capacity and total electricity production from each technology in the GRIDSOL configurations (e.g. wind
turbine, PV plant,..), resulting from simulations performed with the WP2 in-house model, were
exogenously added to the model [17]. Estimations about technology costs, electricity market prices, CO2,
natural gas and biogas price development, with projections until 2050, were also included, as a result of
co-integrated activities among partners. Additionally, the research work of WP7 shaped the cash flow tool
according to tailored market framework conditions for each selected location, analysing for instance
financial data, electricity market prices, remuneration frameworks and renewable-energy support.
According to the optimisation approaches proposed by WP2, the three configurations considered are:




BioGRIDSOL: the optimisation is performed with the gas turbine running on biogas and CSP forced
into the system. All the other components can freely range in size.
GRIDSOL: this case differs from the BioGRIDSOL only in terms of gas turbine, which is set to run
with natural gas.
SRH: in this case, the gas turbine uses natural gas but no specific technology is forced into the
mix. Nonetheless, there must be at least two generators and one storage unit.

The optimisation approach differs between the continental and island locations: in the first case, the
optimisation is “price-based”, meaning that the aim of the optimisation is to guarantee a design and use
of the new energy mix with the lowest cost of electricity production. On the other hand, the optimisation
for the island cases is “demand-based”, meaning that the aim is to guarantee energy production equal to
the energy demand at any cost, due to the isolation conditions [17].
BioGRIDSOL

200

GRIDSOL

SRH

2030

2050

NPV [MM€]

Island

100
0
2020
-100

2030
CRETE

2050

2020
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2030
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F IGURE 6 N ET PRESENT VALUE FOR

THE CONFIGURATIONS ANALYSED IN I SLAND AND

C ONTINENTAL SITES [MM€ =106 ].

Figure 6 report the results for the island and continental locations. For the isolated systems, the feasibility
analysis shows that investments in 2030 and 2050 are attractive (i.e. NPV>0) in almost all the cases. Only
the BioGRIDSOL configuration does not reach break-even, a part for Crete in 2050. This is due to the price
and use of biogas. The BioGRIDSOL configuration covers more than 30% of its energy production using
the biogas-based turbine. Considering the future assumptions on the development of the biogas prices,
and its high levels, it results clear why such configuration is not profitable. The lower level of support for
biogas in Fuerteventura and Madeira, compared to other technologies, justifies the considerable
decreasing profitability for BioGRIDSOL during the years. SRH and GRIDSOL configurations perform well
in all locations, with SRHs profitability peaking in Fuerteventura (160MM€). Overall, the profitability of
investments increases in future years, mainly due to the expected decrease in CAPEX and OPEX and the
probable increase in the power remuneration. For the continental systems, investments in Marseille and
Puglia are profitable (i.e. NPV>0) in almost all the configurations, already from 2020. Oppositely,
Extremadura presents attractive investments for 2050. Focusing on the configurations considered, the
analysis suggests that the BioGRIDSOL configuration is not as attractive as the other two. Only in 2050,
the results show that BioGRIDSOL stands in between the SRH and GRIDSOL configuration, in terms of
attractiveness. The SRH is the most competitive option for both 2020 and 2030, in almost all locations.
This is related to the already-mature technologies included in the hub, and to the lower investment costs
associated (e.g. compared to CSP). The lower competitiveness of SRH in 2050, compared to BioGRIDSOL
and GRIDSOL, is related to remuneration frameworks considered and to the production profiles of the
technologies involved.
The feasibility analysis considers feed-in premium support only until 2020, in line with the recent trend of
freeing renewables from subsidies. From 2030, all technologies are remunerated according to their
market value, an indicator that provides a more realistic representation of the remuneration, considering
both price and production profiles. Hence, each technology has different market values, which also varies
according to the year considered. For the case of the SRH, considering the variation of the production
profiles, the market prices and the market values, the results indicate lower revenues in 2050 compared
to 2030. As an example the heat maps in Figure 7, illustrating the total yearly revenues in Marseille, show
an approximate decrease of 0.5 MM€ in the revenues for the SRH, from 2030 to 2050. For the same years,
both the GRIDSOL and BioGRIDSOL increase their revenues of 3.3 MM€ and 2.1 MM€ respectively.
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F IGURE 7 Y EARLY REVENUE BY TEC HNOLOGY AND CONFIGURATION IN M ARSEILLE [MM€ =106 ].

The changes in revenues are linked to the changes in market values for the technologies: thanks to its
flexibility, the CSP is expected to play a key role and produce energy also in hours of high prices, hence
increasing its market values. On the contrary the PV, being non-controllable, will likely produce in hours
of low electricity prices, hence decreasing the overall market value. The lower expected remuneration for
PV, the dominant technology in the SRH, is thus responsible for lower attractiveness of the SRH
configuration in 2050.
The market values have also an influence on the larger attractiveness of the GRIDSOL configuration,
compared to BioGRIDSOL, in 2050. Nonetheless, for those particular configurations, they key factors are
the price of natural gas and biogas and the related assumptions. The larger cost assumed for biogas most
likely affects negatively the attractiveness of BioGRIDSOL. Furthermore, the lower profitability in
Extremadura in 2020 (for BioGRIDSOL as well as for other configurations) is related to the lower support
available in Spain, compared to Marseille and Puglia.
Furthers sensitivity analyses, performed for the year 2030, highlight also the relevance of CAPEX, OPEX,
CO2 and fuel prices variations, with changes tailored to each configuration in each location. As an example,
Figure 8 shows the outcomes for the sensitivity performed on the configurations in Crete. Figure 8 (a)
highlights that the NPV is most sensitive to variations in the CSP and PV CAPEX, for all configurations. For
instance, for a 10% decrease in the value of the CSP CAPEX, the NPV increases by 52% for the SRH, by 44%
for the GRIDSOL and by 125% for the BioGRIDSOL configuration4. The last configuration presents the
largest impact compared to the others, due to the larger capacity installed for the steam turbine (which,
according to the input data proposed, has the highest investment costs). In addition, the BioGRIDSOL
configuration results to be heavily impacted by changes in the biogas price. The same is not valid for the
SRH and GRIDSOL configurations, as they are based on natural-gas turbines. Figure 8 (b), presenting the
sensitivity for the LCOE, shows similar outcomes, although on a smaller scale. A variation in the CSP and
PV CAPEX leads to the largest changes in the LCOEs, with peaks of 2.9% changes for the SRH and GRIDSOL
configuration. Variations in the other CAPEX does not seem to influence heavily the results. The same
sensitivity analysis, performed on the OPEX, highlights similar results, although on a smaller scale
compared to CAPEX and fuel prices (changes <10%).

4

Compared to base case values.
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Due to the various elements included, and the diversified market frameworks, the feasibility analyses
have highlighted the most sensitive elements for each configuration in each location. In general, the
outcomes from the sensitivity analyses suggest that:
 Island locations: the biogas price is likely to be the most impactful factor for the BioGRIDSOL
configuration in terms of NPVs and LCOEs, potentially leading up to 107% variation in NPV for a change
of 10% of the price. On the other hand, all the other configurations display a particular sensitivity to
variations in the CSP, PV and WIND CAPEX. For the configurations with HYSOL based on natural gas,
the price of natural gas and in CO2 are also relevant factor. The analysis on the OPEX displays a similar
pattern. The choice of the assumption also impacts the resulting LCOEs which, for some of the cases,
appear to be larger than the local costs of energy production. Hence, although the economic indicators
show attractive investments in some GRIDSOL configuration, the final costs of energy production are
still above the levels desired. The revenues considered for the island locations are based on the current
market framework available and are either set as a remuneration to cover the cost of production or as
support for installation and operation of generators. That means that the framework leaves plenty of
rooms for other source of revenues from other market mechanisms, where GRIDSOL solutions could
play a key role: capacity markets, ancillary services or flexibility. Although the analyses performed by
other project partners (See D5.4 and D5.6 in [18]) show that the economy of the plant will likely be
driven mainly by revenues in the day ahead market, GRIDSOL solutions have the potential to cover
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other functions and to gain revenues through additional services. Particularly considering the amount
of energy currently curtailed, which could be used for other purposes.
 Continental locations: The changes in CAPEX, OPEX and other input parameters shows that most of
the configuration are largely sensitive to variations in the investment costs, particularly CSP and PV.
Although the NPV values show the largest variations, the LCOEs should be the focus for future analyses,
as for now, they results to be above expected market prices. Tailored remuneration frameworks, along
with cost decrease, could facilitate the decrease in the costs of energy production, hence increasing
the competitive case of GRIDSOL solutions from an energy system perspective. If needed,
remuneration framework should also be implemented to foster the uptake of smart renewable hubs
as, ultimately, they have the potential to overcome the issue of intermittency typical of RES-based
technologies and provide secure, steady and clean electricity to future energy systems. This could lead
not only to a potential success of the GRIDSOL project, but it could also open the paths to follow in
terms of new policies, so that hybrid plants can play a key role in future energy systems.

2.2.4. C ONCLUSIONS
The deliverable D7.2 concludes the study by highlighting the elements influencing the financial
attractiveness of investments in smart renewable hubs according to market framework conditions and
local resources, in island and continental energy systems.
Based on listed assumptions, the economic indicators NPV and IRR suggest profitable investments in 2030
and 2050 for almost all configurations and locations. An exception occurs for BioGRIDSOL in
Fuerteventura, where the intensive use of biogas (and its high price) decrease the attractiveness, and in
Extremadura and Puglia in 2030. In continental locations the SRH configuration performs best in most of
the cases in 2020 and 2030, but it becomes less attractive in 2050. The market values of the technologies
in the hub for 2050 (mainly PV) were found to be responsible for the lower profitability. In terms of LCOEs,
the values are found to be still larger than the average generation prices in the islands locations. The same
applies for the continental cases analysed where most LCOEs are larger than the expected average market
prices, with the exception of the SRH configuration which has lower values in almost all the cases.
The sensitivity analysis performed reveals that potential declines in the CSP and PV CAPEX can increase
the competitivity of GRIDSOL solutions. Changes in CO2, natural gas and biogas prices will also influence
the case, differently for each configuration in each location. Furthermore, the expected increase in the
CO2 price will likely increase the average generation costs in the island and continental systems, thus
making smart renewable hubs more attractive. The results highlight that, to make GRIDSOL solutions
more competitive, there should be a larger focus on R&D, technology development and cost reduction
throughout the all value chain. A further deployment of technologies like CSP will be also a key to increase
the know-how, stimulate efficiency and development. Additionally, GRIDSOL have the potential to play a
key role in ancillary services or capacity markets and increase its feasibility case. For this to happen, the
markets remuneration frameworks will need to adapt, remunerating adequately the service offered.
Each locations analysed has ambitious renewable targets for the future energy systems, but has (so far)
failed to reach the goal. Policy makers should thus foster technology development and tailored
remuneration frameworks for hybrid systems, aiming at reducing investment costs and increasing the
uptake of GRIDSOL solutions. In this way, smart renewable hubs will become attractive both economically
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and in terms of generation costs, promoting the role of renewable-based solutions in island and
continental energy systems.

2.3. P OWER SYSTEM IMPACT AND GRIDSOL POTENTIALS (D7.3)
The work presented in the deliverable D7.3 covers part of the activities from Task 7.1, focusing on
indicators and power system integration. It elaborates on the development of the Balmorel model,
focusing on technology costs and meteorological data, characteristics of SRH components, assumptions
on system development, policies and price drivers. The model is used to investigate the European power
sector evolution, the GRIDSOL potentials and the composition of Smart Renewable Hubs until 2050.

2.3.1. D EVELOPMENT OF THE E UROPEAN POWER SYSTEM : PATHWAYS FOR A DECARBONISED FUTURE
In 2018, the EU 28 gross electricity consumption settled at 3,249 TWh. The largest share of generation
came from conventional thermal units (46%), followed by nuclear reactors (25%). The electricity
production from renewable sources was 28% (hydro, wind, solar and geothermal combined). While the
electricity demand has been growing for the fourth year in a row, the level is still lower than it was in
2010, testifying that conventional demand growth has reached a stabilisation phase [19]. However, in the
coming years, the final demand for electricity is expected to grow due to sectoral transformation(e.g. the
electrification of sectors like transport and light industry) or technology innovation (e.g. heat pumps in
conjunction with electric heating and data centres). The European Commission, according to the Deep
decarbonisation scenarios, expects a demand rise of 18% by 2030 [20]. The additional demand is expected
to be met mostly by variable renewable energy sources (VRES).
To cope with the demand increase and the challenges related to climate change, the EU presented
different pathways envisioned to achieve a decarbonised economy by 2050. The trajectories ensure the
development of such an economy in a socially-fair but cost-efficient manner [20]. Particularly the Deep
decarbonisation pathways focus on various strategies to reduce emissions (compared to 1990): a baseline
scenario, which represents the continuation of current policies (65% reduction with respect to 1990);
“well-below two degrees” scenarios (reductions up to 80% from 1990), and “1.5 degrees” scenarios
(deliver a fully carbon-free economy by 2050)5. The EU commission scenarios are used to design
decarbonisation scenarios (or potential “alternative futures”) to study the extent of decarbonisation of
the energy system analysed, e.g. providing assumptions about the price of CO2, the evolution of power
demand or the level of hydrogen production.
In the framework of energy demand growth and stringent environmental limits related to climate change,
the work explores how the GRIDSOL technology may contribute to the long-term decarbonisation of the
European power system (i.e. to rely entirely on renewable technologies). The study investigates the
optimal evolution of the generation fleet under technical and market constraints that reflect the
ambitious and compelling targets set for the year 2050.
Despite the fierce competition with more mature technologies, the evolving European power sector sets
potentially favourable conditions for the spreading of Gridsol and SRHs. The ambitious climate targets the

5

An independent CSP+ scenario, considering the framework as the 1.5 degree scenario with an additional 40%
reduction of the OPEX and CAPEX of CSP inside the GRIDSOL plant, is also included in the analysis.
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European Union undersigned and the possible development of new markets (ancillary services) call for a
faster replacement of conventional technologies and at the same time for a progressive need for more
capacity; these are driven by the electrification of other energy and end-use sectors, namely the gas
supply and the industry, in addition to the rising demand for new fuels (hydrogen and other P2X gases).
Provided that sufficient cost reductions are achieved and new business models and financial frameworks
are designed, CSP represents a competitive alternative in Southern Europe as it addresses market
segments that traditional VRES do not fill. For instance, CSP with thermal energy storage are able to
decouple resource availability and dispatch and can therefore profit from higher power prices. In regard
to the objectives of the GRIDSOL project, the analysis develops on two levels, investigating:



The future potential of CSP and Gridsol and the evaluation of their impact on both the European
interconnected grid and on off-grid systems;
The optimization of the composition of Smart Renewable Hubs including an assessment of their
strengths and operational features.

Furthermore, the analysis identifies the key-drivers at the basis of a long-term CSP deployment in
continental Europe, considering different concepts: single-source technology, in combination with a gas
turbine with heat recovery (GRIDSOL), and installed alongside other renewable units to form a hybrid
power plant (Smart Renewable Hub, SRH). The analysis thus investigates on the market attractiveness of
each concept, when applied to decarbonisation pathways, through the following questions:





What is the role of CSP and GRIDSOL in the decarbonisation of the future European power sector?
What are the factors influencing the profitability of CSP and GRIDSOL?
What role does CSP have in the electricity dispatch? What are the main competing technologies?
What is the added value of flexible generation in high VRES systems, offered by some technology?

The analyses are carried out through the Balmorel model, an open-source, bottom-up, fundamental
model which optimises the investments and the operations of large-scale energy systems at hourly level,
focusing on the power and heat sectors. The simulations cover the years between 2020 and 2050, with
2018 being the reference year and intermediate simulations for 2030 and 2040.

2.3.2. W HAT IS NEEDED TO DECARBONISE E UROPE ?
The outcomes of the analyses point towards a mix of solutions and actions, paramount to reach a
decarbonised European power system.
 CO2 prices: Given the cost drop experienced by variable renewable energy, moderate CO2 prices, lower
than 100 EUR/t, are sufficient to achieve a long-term deep decarbonisation of the power sector. This
level is not enough for the rest of the economy. In 2020, the 21 EUR/t price brings the European power
sector beneath the 1000 Mt threshold, down 26% from 2015 and down 48% from 1990. The power
sector moves towards decarbonisation more or less rapidly, with the 1.5 degrees pathway reaching a
98.2% reduction in 2050. For this to become true in a pure market setting, carbon quotas should reach
a price of 366 EUR/t in 2050. It is important to notice that a modest 60 Mt additional cut is achieved
through a wide jump of the CO2 quota price (+275 EUR/t in 2050 from Baseline to 1.5 degrees setup).
 Conventional generators Vs VRES: By 2040 more than 90% of the gross electricity demand will be
supplied by renewables and nuclear power plants already in the Baseline scenario. Decarbonisation is
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Electricity generation [TWh]

also supported by national commitments to the phase-out of coal units. As medium-range CO2 prices
are enough the achieve high levels of decarbonisation, the Baseline scenario reaches a high
penetration of renewables at the end of the investigated horizon. Wind and solar power supply more
than 70% of the gross demand in 2050. Coal generation is set aside in favour of natural gas technologies
in the short-term, but medium CO2 prices of around 100 EUR/t and renewable alternatives downscale
generation from gas in 2050 to 20% of the 2018 generation.
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F IGURE 9 E LECTRICITY GENERATION IN E UROPE IN THE BASELINE SCENARIO .

 Electrification and hydrogen - The increase in power demand: With hydrogen demand reaching up to
930 TWh in 2050 in the most decarbonised pathway, the gross electricity demand and the installed
capacity would more than double with respect to today. Electrolysers will produce hydrogen by using
cheap power from VRES, mainly coming from solar PV. If CO2 prices provide the appropriate signals to
replace fossil-fuel units with renewables until the 100 EUR/t threshold, a new demand for hydrogen
and higher electrification targets that can boost additional investments in renewable capacity. To cope
with the additional demand (up to +134% compared to 2018 – 1.5 degrees scenario), a larger buildout
in power infrastructure is needed, both in terms of generation and transmission. The combined
average annual solar and wind buildout in the period 2020-2050 increases from 122 GW in the Baseline
to around 180 GW in the 1.5 degree scenarios.
 The unfolding of solar generation: Lead by large cost reductions and increasingly efficient photovoltaic
modules, in 30 years solar energy will account for almost 30% of the electricity generation in Europe,
with national shares above 50% in Southern Europe. The latest record-low bids for PV auctions fortify
the narrative that PV will become the cheap bulk electricity source for the power systems of the future
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(lowest bids for PV in Portugal and Dubai reached tariff levels of 14.8 and 15.4 EUR/MWh). Batteries
will be needed to balance generation and provide flexibility

2050
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PV COSTS AND SYSTEM PENETRATION .
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 Evolution of wholesale power price with low marginal cost generation: Wholesale electricity prices
tend to become more volatile throughout the day and the year due to: the opposing effect of the CO2
price surge and the storage, and growing share of zero-marginal cost RE. Countries with high solar
irradiation like Spain experience a price drop overtime, as penetration increases. A cross-scenario
comparison shows that as climate ambition escalates (Baseline  2 degrees  1.5 degrees) the
electricity price increases in all countries. In CSP+ scenario, the investment in a higher amount of CSP
reduces wholesale power prices significantly.
85
75
65
55
45
35
Baseline
France

Greece

2.0 degrees
Italy

1.5 degrees
Portugal

Spain

CSP+
EU average

F IGURE 11 W HOLESALE PRICES IN 2050 ACROSS SCENARIOS FOR GRIDSOL COUNTRIES AND EU AVERAGE .

 Increase interconnections to integrate more fluctuating VRES: Up to 2050, large investments in
interconnection capacity, allowing power exchange between different market zones and reducing the
cost of supply in the total system, are expected enabling an efficient RE integration. In the long-term,
Continental Europe imports large amounts of wind from the North and solar power from the South.
The power exchanges become more complex with daily cycles following the variations of the
resources: while wind power covers a larger share of the total demand in Europe (and it is in general
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better suited for being integrated through interconnectors), solar PV is more concentrated in the
central hours of the day and that results in a high line utilization only during a relatively reduced
portion of time, making additional interconnection too expensive.
 System need for flexibility - storage and demand side contribution to VRES integration: Storage
systems are set to become determinant to match supply and demand in a cost-effective manner. They
serve the growing request for system flexibility along with interconnectors and demand side
contribution (electric vehicles, demand response, heat pumps, hydrogen production). In Spain, Greece
and Portugal the high solar capacity is complemented with large amounts of batteries, while in France
and Italy less batteries are needed due to better interconnections and the higher deployment of CSP.
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F IGURE 12 B ATTERY STORAGE CAPACITY WITH RESPECT TO SOLAR INSTALLATIONS .

 Concentrated solar power and GRIDSOL - potentials and competitors: CSP suffers from high financial
outlays, the competition with more mature technologies and an industry still on the drawing board.
With the exception of Italy and France, where new fuels and high CO2 prices are strong-enough
conditions to achieve a moderate deployment, big cost reductions are needed to expand in the market.
The competitors are gas cycles and especially PV and batteries. The profitability of CSP power plants is
influenced by technical, industrial, geographical and market constraints. A great DNI resource is not a
compelling reason to prefer CSP over other technologies, especially if the competitor is solar PV. The
findings have proven that CSP and the Gridsol concept find more space not where the DNI is the highest
in Europe, but where the market conditions allow the technology to be competitive. For instance, Italy
and France prove to be the most attractive locations for CSP power plants: for the simulations
performed in 2050, in the 2.0 and 1.5 degrees decarbonised scenarios, the Gridsol hub installations
total more than 15 and 40 GW respectively and they all occur in France and Italy. The additional cost
reduction embedded in the CSP+ scenario brings the Gridsol potential capacity to 120 GW in Europe,
including 8.5 GW in Spain and 4.5 GW in Greece.
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 Drivers for CSP developments: The potential for CSP is determined not only by the economic
performance of CSP, but to a large extent the competition in the local power market and the local
power market features. CSP is viable in systems with a high need for flexibility if the time horizon for
the needed flexibility is sufficiently large. In 2050 and under the hypotheses of sizable cost reductions
and long operational times, CSP can reach an LCoE below 40 EUR/MWh. The cost depend on the solar
resource as well as the system configuration (ratio between thermal receiver, thermal storage and
steam turbine) and operation in the power system (full load hours).
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F IGURE 14 LC O E PROJECTIONS FOR CSP UNDER DIFFERENT FLH ASSUMPTIONS .

Further synergies can be achieved when combining the thermal storage with gas turbines, as it can
improve the utilization of the steam turbine. Good solar resources are a requirement for feasibility of
CPS. However, good solar resources also reduce the cost of PV, which – in combination with batteries
– is a major competitor for CSP. The competitiveness of CSP technologies is also linked to the
integration of large thermal storage (TES) in the plant as: 1) it enables to shift production to peak hours,
when marginal costs of generation are higher (dispatchability) and 2) it enables higher utilization of
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Levelized cost of electricity
[EUR/MWh]

the steam turbine, contributing to cover investment cost and fixed O&M (increase of full load hours).
Since LCoE of CSP is projected to be higher than LCoE of solar PV without storage, CSP will only have a
role in the future power system if equipped with large thermal storage. However, batteries can equip
PV with similar characteristics. Batteries have a relatively high cost for storing energy (volume), but a
relatively low cost for the capacity of the inverter for power generation (power). The thermal storage
on the other hand has a low cost option for storing energy (volume), and a high cost for the steam
turbine (power). For the thermal storage to be cost efficient compared to batteries a high ratio
between volume and capacity is needed. This ensures maximization of the storage cost advantage and
high utilization times the capacity.
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F IGURE 15 LC O E OF S OLAR PV AND CSP TECHNOLOGIES FOR DIFFERENT VALUES OF THE STORAGE RATIO (2050).

The outcomes of the analyses has shaded light on the economic performance of PV in combination
with batteries, compared to the performance of CSP and thermal storage. Where high storage ratios
are needed, CSP has an economic advantage, while PV and batteries are more cost effective at low
storage levels. The economic performance is further influenced by the utilisation of the capacity part
(inverter/steam turbine).
 CSP and GRIDSOL functioning: Thermal energy storages allow CSP to supply dispatchable power at
night-time. Storage volumes over 20 hours guarantee night dispatch for several consecutive hours
even with part-load production from the solar field and contribute to increase the nominal operations
of the CSP block. In the Gridsol group, the gas turbine produces alongside the steam turbine. Gridsol
contributes to the price polarisation effect between day and night. An illustrative example of the
operations of a Gridsol hub in Figure 16, for an Autumn week in Italy (2050 – CSP+ scenario), propose
the hypothetical functioning of the components and its impact in the market. CSP is typically
operational from the late afternoon to the early morning, thanks to the large thermal storage. In these
hours, the electricity price is relatively high and a gap of minimum 25 (but up to 80) EUR/MWh is
detected with the central hours of the day (price polarisation). The latter are characterised by solar PV
production, which has low marginal costs of generation. As CSP does not generally dispatch
continuously along the day, the large storage allows to operate the unit for several days at nearlynominal load with little or no irradiation. When the gas turbine generates, the heat recovery system
fills the storage hot tank.
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2.3.2.1. Role of smart renewable hubs in future European power systems
Hybrid Power Plants (HPPs) have so far come across several barriers and a lack of proper legislation that
values their services. HPPs can provide ancillary services, frequency control and grid stability while
maximising the utilisation of local electric equipment (power electronics, cables). The absence of a
suitable framework that valorises these advantages and eliminates double taxation and grid charges
hinders a wider spread of HPPs, which could provide economic and social benefits. The lack of support
schemes and ad hoc tendering for HPPs constitute a further problem for their grid integration, as in most
cases HPPs are legally considered in the same manner as other single-source renewables. Overall, HPPs
offer the following advantages with respect to single-source installations [21]:







Reduced CAPEX and OPEX due to the shared grid connection and more contained maintenance
effort (lower labour costs);
Enhanced power output stability and smoother power ramps;
The provision of ancillary services;
A limitation in the penalties stemming from forecast errors when storage is present;
Effective risk hedging for the assets owner;
Curtailment reduction.

Smart Renewable Hubs with Gridsol technology are particular hybrid power plants that can provide all the
above-mentioned benefits; DOME perfects the coordination among the units and minimises the revenue
loss due to flawed predictions in the electricity markets
The goal of the analysis, for the tasks of WP7, is to optimize of the configuration of SRH in Balmorel, to
assess how the composition of the hub changes overtime up to 2050 and in different system conditions.
The size of the hub components thus depends on the specific location, i.e. on the quality of the natural
resource available therein, on the demand profile and on the interaction with other existing generators.
Consequently, reference SRH is optimized to find the optimal capacity composition of the in each country.
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The results of the analysis focus on three key objectives:
 SRH configurations: In Smart Renewable Hubs, the reduced grid connection costs favour particularly
solar PV and batteries. The combination of the two is predominant in all scenarios but the CSP+, where
CSP appear in a set of different configurations. The ratio between electric storage volume and installed
PV capacity is higher where the solar resource is stronger and where CSP does not appear. Solar PV is
the only hub component in 2020, regardless of the scenario, and is present with increasing storage
volumes as the system approaches 2050. SRHs are primarily composed of the semi-dispatchable group
PV + batteries (BESS), with selected instances in which other components are added. In Italy and
France, SRHs integrate also Gridsol components, which increase the hybrid power plant yield during
wintertime. Wind energy is seldom a preferred choice and it appears only in one out of 20 cases. Two
possible combinations are allowed for Gridsol hub components: a CSP-only power plant and the entire
Gridsol hub. These two combinations find room in different locations: Spain incorporates only the CSP
plant and Italy the entire Gridsol hub. Overall, the integration of units other than PV + batteries can
only materialise in favourable cost scenarios for CSP units.

F IGURE 17 E XAMPLE

OF

SRH CONFIGURATIONS ACROSS THE FOUR SCENARIOS .

 Large deployment of storage boosts capacity factors: The integration of storage facilities cuts
curtailment and boosts the hybrid power plant’s full load hours. The capacity factors span from 2024% in 2020 to over 80% in 2050, depending on the location and on the optimal amount of storage. In
all cases the evolving configuration of SRHs boosts the capacity factor of the plant.
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 SRH functioning: The interaction among technologies and the overplanting of PV boost the full load
hours of Smart Renewable Hubs, which are left idle for a limited amount of hours per year. Electric and
thermal storage are utilised to shift production to the late afternoon/evening peak, following different
weekly patterns, to increase the financial return. In a test case performed for the CSP+ scenario, in
Italy 2050, the hub generation duration curve in Figure 18 reports a description of the functioning of
the different components. The solar PV capacity reaches 327 MW and the hourly production over 200
MWh is stored in batteries; this power is optimally dispatched over 4000 hours, so that the resulting
hub curve is flexible and responsive to price signals. Concentrating Solar Power provides a stable
output for 4500 hours, whereas gas turbines operate for 1300 hours and always at full load. Through
the use of energy storage the hub reaches a 55% capacity factor at the grid connection point.
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2.3.2.2. GRIDSOL and smart renewable hubs in island systems
Islands systems are characterized by stricter security of supply requirements, as they are not connected
to the European continental grid. Crete is an example of these islands; in addition, the supplementary
demand for electricity during summertime requires the seasonal provision of extra generators to back the
ageing, fossil fuel generation fleet. Furthermore, the Greek government is soon-to-implement a 1400 MW
interconnection from Crete to the mainland, effectively connecting the island to the continental system.
In this context of transformation, interconnection and environmental goals, the analysis focus on two key
questions:



What is the best solution to decarbonize medium/big islands given the progressive tightening of
the European and national carbon budgets? Can Gridsol play a role?
What is the impact of an interconnection to mainland for the development of the system and for
the profitability of Gridsol?
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The analysis uses the model Balmorel to elaborate on the challenges, simulating two distinct cases under
the 1.5 degrees scenario assumptions: a Crete isolated case (i.e. no interconnection to the mainland) and
a Crete connected case (i.e. connection to the mainland according to the 1400 MW planned cable).
The outcomes highlight that:
 The existing system relies on fossil fuels, but RE is growing: Crete currently relies on ageing oil-fired
power plants and a smaller share of onshore wind farms and solar PV modules, mainly installed on
roofs. The large resource potential can enhance the transition towards decarbonisation, but future
planning must include storage systems to ensure load coverage along the day.
 Crete as a non-interconnected system: A long-term plan to decarbonise Crete should include a
transition to natural gas in the immediate future, in the form of liquefied natural gas (LNG). The rapidly
dropping cost of electric storage will provide additional flexibility only from 2030 onwards. The
introduction of high CO2 prices to fulfil the European environmental targets lead to a progressive
phase-out of the heavy fuel oil (HFO) and diesel units, which are partly replaced by natural gas in the
short/medium-term. The switch to natural gas falls also within the PPC6 commitments to convert the
existing units into NG-fired ones, but the plan is conditional on the development of a costly LNG
infrastructure.
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F IGURE 19 E VOLUTION OF THE INST ALLED CAPACITY IN C RETE UNTIL 2050.

Renewables increase their penetration ever more; wind and solar PV units account for over 1.1 GW of
the capacity in 2050 (two-thirds of the total) and they thereby are the major contributors to the 700
MW increase in capacity the island would need in 30 years. Additional CSP installations would find

6

PPC is the power utility managing the island’s units.
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room already from 2025, when an additional 60 MW solar tower plant results economically optimal.
The total CSP power capacity grows to 300 MW in 2050, thereby making up 17% of Crete’s fleet. The
gas capacity covers the peak demand, whereas biomass and CSP units serve as dispatchable
generators: their generation share is more than twice their capacity share. An increase of the CSP
market penetration can only be achieved by an expansion of the storage facility: the results indicate
that a solar multiple SM7 of around 3 and a storage volume of 20 hours are required for CSP to
substitute conventional technologies. The other advantage of using large thermal energy storage is the
possibility of keeping a high generation levels during wintertime as well.
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 Interconnection drives prices down and penalises CSP: A submarine cable is projected to link the
island with mainland Greece from 2024 with a nominal capacity of 1400 MW. In the short-term, Crete
imports electricity from Greece, but the gradual installation of wind and solar technologies in the
island, where resources are better, will make Crete an exporter in the long-run. The establishment of
new interconnection capacity also highlight: 1) a poor short-term utilisation of the link given the island
peak load demand and the interconnector capacity; 2) a long-term deployment of wind and solar PV
energy alongside electric storage on the island, to the point that the total installed capacity nearly
triples in 2050 with respect to an off-grid scenario; 3) the reduced attractiveness of dispatchable
generators including CSP, whose capacity is largely downsized. Although the interconnection will lead
to a reduction of the attractive CSP units installed, on Crete the spot price falls by 24 EUR/MWh in
2050 compared to an off-grid setting. Also, the curtailment of both wind and solar will be highly
reduced (from 40% to 27% and from 15% to 4% respectively, in 2050).
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The solar multiple SM [-] is defined as the ratio between the nominal output from the solar field and the nominal
input of the steam turbine.
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Nonetheless, the comparison between the off-grid and the interconnected scenario shows how islands
provide an attractive framework for the installation of CSP. The technology ensures dispatchability at
a competitive cost, due to the inexpensive thermal energy storage. The results can be transferred to
any other island with similar resources and site availability and underline the significant role of CSP in
the energy transition of such contexts. Interconnection penalises CSP as the country imports at
wintertime, when CSP was found to dispatch in a rather stable manner. The electricity price in the
interconnected system reaches a low of 40 EUR/MWh, which is surely below the LCoE of CSP
technologies in the 5000 full load hours range and with no further cost reductions with the industry
projections. As the zonal electricity price is crucial to assess the competitiveness of a technology, the
results prove that under the 40% cost reduction assumptions CSP would cover a rather bigger role and
already from 2025/2030 even in the interconnected scenario.

2.3.3. K EY FINDINGS AND CONCLUDING REMARKS
The deliverable D7.3 concludes by remarking the key findings and defining future pathways for
decarbonised island-and-continental energy systems.
Ambitious decarbonisation targets can favour the spreading of Gridsol in the European power sector, as
the lack of dispatchability which characterises VRES generation calls for the installation of flexible
generation technologies integrating energy storage. The expected high cost-competitiveness of PV and
batteries, which can account for between 20 and 30% of the EU generation mix in 2050 depending on the
scenario, limits the prospects for CSP power plants equipped with thermal energy storage. The system
characteristics and the nature of the solar resource make the Gridsol concept more attractive in Italy and
France, where in the 2.0 and in the 1.5 degrees scenarios the cumulative installed capacity reaches 15 and
40 GW respectively in 2050. The main competitors are solar PV + batteries groups as well as gas cycles.
The Gridsol hub is equipped with large thermal energy storage facilities (over 20 hours in selected
locations) and a solar field which is oversized with respect to the steam turbine nominal capacity (by a
factor of 2 to 3). This feature ensures dispatchability and possibility to shift production to hours in
conjunction with high electricity prices and the scarce availability of low marginal cost generation.
The investigation on the SRH configurations shows that the role of Gridsol in hybrid power plants is limited
to selected instances, under the assumption of large cost reductions for CSP components. Grid connection
savings go to the advantage of units with comparatively low investment and operational costs; for this
reason PV is favoured over CSP, wind and gas engines. The future cost-effective Smart Renewable Hubs
appear to be large solar PV fields in the short-term and mainly composed of solar PV and batteries in the
long-term. PV is overplanted with respect to the hub nominal output and the excess energy is stored in
batteries. The key-presence of storage facilities limits idleness in Smart Renewable Hubs and sharpens the
response of units to price signals.
Last, the analysis of the island of shows positive and negative effects of the interconnection plans. The
profitability of Gridsol is negatively affected by interconnection. Should a cable connect Crete to the
mainland, the optimal Gridsol capacity would be reduced to 20% of the non-interconnected case. Islands
are characterised by higher spot prices than interconnected systems and are therefore an attractive
context to host CSP-based power plants. On the other hand, the existence of an interconnector to the
mainland can turn the island into a net exporter after 2030, a reduction of the solar/wind curtailment and
overall lower electricity prices.
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3. GRIDSOL IMPACT IN SUMMARY: PATHWAYS, POLICIES, CHALLENGES
AND OPPORTUNITIES FOR SMART RENEWABLE HUBS IN THE
SUSTAINABLE ENERGY TRANSITION
The deliverable D7.4, GRIDSOL impact in summary, proposes an overview of the activities performed in
the framework of work-package 7 (WP7). The analyses focused on various aspects of the GRIDSOL impact,
ranging from the life cycle cost analysis and the first-of-its-kind concepts, to feasibility studies and the
assessment of the role (and composition) of smart renewable hubs in future European energy systems.
The outcomes from the various studies show how the GRIDSOL concept can lead to extensive benefits in
energy systems. For instance, smart renewable hubs (SRH) can potentially replace conventional
generators for energy generation purposes, leading to considerable CO2 emissions savings. Furthermore,
due to the presence of electrical and thermal storage systems, some configurations can follow the load
requirements, producing electricity in valuable moments (see e.g. the larger market value for CSP).
Nonetheless, the analyses show that the implementation of smart renewable hubs will come with
challenges; primarily, technology costs. Both the feasibility analysis in D7.2 and the energy systems
analyses in D7.3 highlight that CAPEX reductions will pave the way for a large deployment of smart
renewable hubs. CSP systems, among all, are the components most sensitive to cost variations, and their
role in the future will most likely depend on cost reduction throughout the all value chain through R&D
and technology development. The innovative case proposed by the GRIDSOL project, will also be likely to
face challenges typical of First-of-its-kind (FOIK) projects, such as lack of regulatory framework, high
perceived risk from investors and lenders or insufficient standardization.
In spite of the challenges, the GRIDSOL concept have the opportunity to play a key role in future European
energy systems, contributing to the reduction of CO2 emissions and supporting the sustainable transition
to a decarbonised future. The outcomes from WP7 point out the cost-effectiveness of multiple smart
renewable hubs configurations in the locations analysed, enlarging the local share of renewable-based
electricity generation and proposing a valid alternative to the conventional generators.
Pathways and policies that can foster the uptake of the GRIDSOL concept are multiple, and range from
support the technology development to policies and framework that would favour smart renewable hubs.
Among the barriers identified in the project, one of the key point is the current lack of regulatory
guidelines in order to achieve a sustainable energy transition through SRH development. Future energy
systems, characterized by a high penetration of variable renewable energies, will likely require the need
of flexibility (e.g. through energy storage solutions) to cope with the progressive shut-down of
conventional power plants. Smart Renewable Hubs can provide the required flexibility and stability,
replacing the previous role of fossil fuel plants. The report thus concludes by suggesting policy makers:
 To define regulatory frameworks and market mechanisms that enable the development of hybrid
plants with storage at EU level and member state level;
 To develop the permitting process for the installation of hybrid plants with energy storage
including appropriate grid codes for its access, connection and operation in the grid;
 To define the participation of hybrid plants with storage in the electricity market and to develop
new flexibility markets for the energy transition.
The sustainable energy transition is forthcoming and GRIDSOL is ready to be a key player and win the game.

GRIDSOL impact in summary

D7.4

33

4. REFERENCES
[1]

PRé Sustainability, “Eco-indicator 99 manual for designers,” 2019. [Online]. Available:
https://www.pre-sustainability.com/news/eco-indicator-99-manuals. [Accessed: 20-Nov-2019].

[2]

“Chapter 40 - Sustainable Development,” Lees’ Loss Prev. Process Ind., pp. 2507–2521, Jan. 2012.

[3]

European Commission, “Energy 2020: a strategy for competitive, sustainable and secure energy,”
2010.

[4]

European Commission, “A policy framework for climate and energy in the period from 2020 up to
2030,” 2014.

[5]

GRIDSOL consortium, “GRIDSOL – A Dynamic Output Manager of Energy (DOME) Research
Project,” 2018. [Online]. Available: http://www.gridsolproject.eu/. [Accessed: 16-Dec-2018].

[6]

World Bank Group, “Global Solar Atlas,” 2018. [Online]. Available: http://globalsolaratlas.info.
[Accessed: 31-Jul-2018].

[7]

ESRI, “ArcGIS Homepage,” 2019. [Online]. Available: http://www.arcgis.com/features/index.html.
[Accessed: 29-May-2017].

[8]

R. Hijmans, “DIVA-GIS.” [Online]. Available: http://www.diva-gis.org/Data. [Accessed: 31-Jul2018].

[9]

World Bank Group and Technical University of Denmark, “Global Wind Atlas 2.0, a free, web-based
application developed, owned and operated by the Technical University of Denmark (DTU) in
partnership with the World Bank Group, utilizing data provided by Vortex, with funding provided
by the Energy Sector Managem,” 2018. [Online]. Available: https://globalwindatlas.info.
[Accessed: 31-Jul-2018].

[10]

Electricidade de Madeira, “Relatórios e Contas de energia,” 2019. [Online]. Available:
https://www.eem.pt/pt/conteudo/anúncios-e-publicações/publicações/relatórios-e-contas/.
[Accessed: 12-Mar-2019].

[11]

HEDNO, “Monthly Reports of RES & Thermal Units in the non-Interconnected Islands,” 2019.
[Online]. Available: https://www.deddie.gr/en/themata-tou-diaxeiristi-mi-diasundedemenwnnisiwn/agora-mdn/stoixeia-ekkathariseon-kai-minaion-deltion-mdn/miniaia-deltia-apethermikis-paragogis/. [Accessed: 12-Mar-2019].

[12]

Gobierno de Canarias, “Anuario Energético de Canarias,” 2019. [Online]. Available:
http://www.gobiernodecanarias.org/ceic/energia/publicaciones/. [Accessed: 12-Mar-2019].

[13]

Open Data, “Power Production - France,” 2018. [Online]. Available: https://opendata.reseauxenergies.fr/explore/dataset/prod-region-annuelle-filiere/information/?disjunctive.region.
[Accessed: 24-Jun-2019].

[14]

Terna, “Annual Regional Balance,” 2019. [Online]. Available: https://www.terna.it/itit/sistemaelettrico/statisticheeprevisioni/bilancienergiaelettrica/bilanciregionali.aspx.

[15]

Industria Extremadura, “Balance Electrico De Extremadura,” 2017.

[16]

GSE - Gestore Servizi Energetici, “Statistical Report on Renewables,” 2019. [Online]. Available:
https://www.gse.it/dati-e-scenari/statistiche. [Accessed: 24-Jun-2019].

[17]

IDIE, “Preliminary Energy Mix Determination Report - D2.6,” 2019. [Online]. Available:
http://www.gridsolproject.eu/deliverables/#1482131727494-27abd0b6-b646.

GRIDSOL impact in summary

D7.4

34

[18]

CESI, “Assessment of GRIDSOL integration into the EU electric power system,” 2019. [Online].
Available:
http://www.gridsolproject.eu/deliverables/#1482132921494-1a79a889-eaa5.
[Accessed: 10-Sep-2019].

[19]

Agora Energiewende and Sandbag, “The European Power Sector in 2018: up to date analysis on
the
energy
transition,”
2018.
[Online].
Available:
https://sandbag.org.uk/wpcontent/uploads/2019/01/The-European-Power-Sector-in-2018-1.pdf. [Accessed: 18-Nov-2019].

[20]

European Commission, “In-depth analysis in support of the commission communication COM
(2018) 773: A Clean Planet for all - A European long-term strategic vision for a prosperous, modern,
competitive
and
climate
neutral
economy,”
2018.
[Online].
Available:
https://ec.europa.eu/knowledge4policy/publication/depth-analysis-support-com2018-773-cleanplanet-all-european-strategic-long-term-vision_en. [Accessed: 18-Nov-2019].

[21]

L. Petersen et al., “Vestas Power Plant Solutions Integrating Wind, Solar PV and Energy Storage,”
3rd Int. Hybrid Power Syst. Work., no. May, pp. 2–9, 2018.

GRIDSOL impact in summary

D7.4

35

