POLITECNICO DI TORINO
Repository ISTITUZIONALE

Modeling the long-term evolution of the Italian power sector: The role of renewable resources and
energy storage facilities

Original

Modeling the long-term evolution of the Italian power sector: The role of renewable resources and energy storage
facilities / Cara', Caterina; Marocco, Paolo; Novo, Riccardo; Koivisto, Matti; Santarelli, Massimo; Mattiazzo, Giuliana. - In:
INTERNATIONAL JOURNAL OF HYDROGEN ENERGY. - ISSN 0360-3199. - 59:(2024), pp. 1183-1195.
[10.1016/j.ijhydene.2024.01.358]

Availability:
This version is available at: 11583/2989059 since: 2024-05-28T13:59:03Z

Publisher:
Elsevier

Published
DOI:10.1016/j.ijhydene.2024.01.358

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

24 June 2024



International Journal of Hydrogen Energy 59 (2024) 1183-1195

Contents lists available at ScienceDirect i
DROGE

International Journal of Hydrogen Energy

ELSEVIER journal homepage: www.elsevier.com/locate/he

Check for

Modeling the long-term evolution of the Italian power sector: The role of  [w&s
renewable resources and energy storage facilities

&b,¢" papglo Marocco ¢, Riccardo Novo ™, Matti Koivisto ¢, Massimo Santarelli ¢,

a,b,c

Caterina Cara
Giuliana Mattiazzo

& Dipartimento di Ingegneria Meccanica e Aerospaziale, Politecnico di Torino, Corso Duca Degli Abruzzi 24, Torino, 10129, Italy
b MOREnergy Lab, Politecnico di Torino, Via Paolo Borsellino 38/16, Torino, 10129, Italy

¢ Energy Center Lab, Politecnico di Torino, Via Paolo Borsellino 38/16, Torino, 10129, Italy

d Dipartimento Energia “Galileo Ferraris”, Politecnico di Torino, Corso Duca Degli Abruzzi 24, Torino, 10129, Italy

€ Department of Wind and Energy Systems, Technical University of Denmark, Frederiksborgvej 399, Roskilde, 4000, Denmark

ARTICLE INFO ABSTRACT

Handling Editor: Prof. J. W. Sheffield The aim of this study is to investigate the long-term planning of the Italian power sector from 2021 to 2050. The
key role of photovoltaic and wind technologies in combination with power-to-power systems based on hydrogen

Keywords: and batteries is investigated. An updated version of the OSeMOSYS tool is used, which employs a clustering

Renewable energy sources method for the representation of time-varying input data. First, the potential of variable renewable energy

Energy storage

Hvd sources (VRES) is assessed. A sensitivity analysis is also performed on the temporal resolution of the model to
ydrogen

determine an adequate trade-off between the computation time and the accuracy of the results. Then, a techno-
Power-to-power system . oL L. . A . .
Energy system model economic optimization scenario is carried out, resulting in a total net present cost of about 233.7 B€. A high
Optimization penetration of VRES technologies is foreseen by 2050 with a total VRES installed capacity of 272.9 GW (mainly
Energy planning photovoltaic and onshore wind). Batteries are found to be the preferable energy storage solution in the first part
of the energy transition, while the hydrogen storage starts to be convenient from about the year 2040. Indeed,
the role of hydrogen storage becomes fundamental as the VRES penetration increases thanks to its cost-effective
long-term storage capability. By 2050, 74.6 % of electricity generation will be based on VRES, which will also
enable a significant reduction in CO emissions of about 87 %.

[31.

There are different categories of energy storage: mechanical, elec-
trochemical, chemical, electrical and thermal [4]. Batteries are elec-
trochemical devices characterized by high efficiency and fast response
time, which makes them an ideal solution for small-size and short-term
energy storage applications. Among the different battery types, the
lithium-ion technology is characterized by high round-trip efficiency,
low self-discharge rate, wide cycling modulation range and long life-
time. It is therefore very suitable for coupling with VRES systems [5].

Electricity can also be stored into chemical energy by producing
hydrogen as starting point, which can then act as a multi-purpose energy
carrier. In this context, the electrolysis process (by means of electro-
lyzers) is the most promising route to store electricity in the chemical
form of hydrogen [6]. Hydrogen storage is expected to be crucial to
achieve high VRES penetration in the electricity mix due to its high
energy density and long-term storage capability [7], thereby contrib-
uting to the decarbonization process [8]. Compared to traditional

1. Introduction

Climate change is a worldwide issue which is causing several diffi-
culties and consequences both at human and environmental level. In
2021, the electricity sector emitted more than one third of global
energy-related CO, emissions [1]. In recent years, energy policies are
aimed to limit the global warming, promoting a green transition toward
a low-carbon electricity mix and the electrification of energy-intensive
sectors, such as transports and heating. In this context, variable
renewable energy sources (VRES), characterized by limited environ-
mental impact and high availability, are expanding rapidly, reducing the
dependence on conventional energy resources and meeting the rising
energy demand [2]. However, their fluctuating behavior causes diffi-
culties in terms of grid stability and mismatch between supply and de-
mand. Electrical energy storage (EES) systems are thus expected to play
a key role to cope with the variable and unpredictable nature of VRES
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Nomenclature HYDRO PUMPED Hydro pumped
HYDRO RESERVOIR Hydro Reservoir plant
BATTs  Battery energy component HYDRO RIVER Hydro Run of river plant
BATTt  Battery power component HYDRO STORAGE Hydro storage

BIO-FUELS PP Bio-fuel based power plant

EES Electrical energy storage

ELC DIS Electricity distribution

ELECTRICITY FD Electricity final demand
ELECTRICITY SC Electricity secondary commodity

ELY Electrolyzer

ESM Energy system models

ESOM  Energy system optimization model
FC Fuel cell

FOSSIL PP Fossil fuel based power plant

GAS CHP Natural gas based cogeneration plant
GAS EL  Natural gas based power plant
GEOTHERMAL Geothermal plant

GHG Greenhouse gas

HT Hydrogen tank

IMP ELECTRICITY Import of electricity

IMP/EXT BIO-FUELS Import and extraction of bio-fuels
IMP/EXT FOSSIL FUELS Import and extraction of fossil fuels
LP Linear programming

MILP Mixed integer linear programming

OFFSHORE WIND Offshore wind plant

ONSHORE WIND Onshore wind plant

P2G Power-to-gas

pP2pP Power-to-power

PHOTOVOLTAIC Photovoltaic plant

PNIEC  National Energy and Climate Plan
RDs Representative days

RES Renewable energy sources

SNG Synthetic natural gas

VRES Variable renewable energy sources

long-term energy storage solutions (e.g., pumped hydro storage),
hydrogen is characterized by high flexibility in terms of site topology
and possibility of decentralized applications [9,10]. Power-to-gas (P2G)
systems allow the conversion of the surplus renewable electricity into
hydrogen, which can be stored and later used by a fuel cell or other
converters such as thermal motors to generate electricity according to a
power-to-power (P2P) route [10], or further processed to produce syn-
thetic natural gas (SNG), synthetic liquids and, more in general, syn-
thetic chemicals. Hydrogen can also be employed in both heating and
transport sectors [6,11].

In this context, there are several policies at European level proposing
challenging decarbonization targets. In 2019, the European Green Deal
set a 55 % reduction in greenhouse gas (GHG) emissions by 2030
compared to 1990 [12] and the net-zero emission goal by 2050. In line
with the European strategy, Italy has strengthened its decarbonization
path to promote economic and social sustainability, also considering
environmental safeguard. In 2020 the Italian government published the
National Hydrogen Strategy Preliminary Guidelines, which discusses the
role of hydrogen in contributing to the decarbonization process, and in
2023 the updated version of the National Energy and Climate Plan,
which defines the roadmap for a sustainable energy transition [13].

At European level, long-term scenario analyses have been conducted
to assess and estimate the role of hydrogen and its impact on the
decarbonization of the energy system. Scheller et al. [14] investigated
the role and benefits of hydrogen and hydrogen-based energy carriers in
Germany by 2030, also demonstrating their essential contribution in the
energy system with a coverage of 24 % of the final energy demand by
2050. Martins et al. [15] explored the potential role of hydrogen in the
energy transition of Ireland as an energy vector and storage medium to
reduce greenhouse gas emissions. They showed a potential annual
reduction of up to 6.1 Mtcooeq using hydrogen as renewable energy
storage, as grid balancing through the deployment of P2G systems, and
as a replacement for fossil natural gas for backup power generation and
for the industrial and heating sectors. Brey et al. [16] investigated the
use of hydrogen in the Spanish energy system to enable high penetration
of VRES technologies by storing excess electricity into chemical energy.
Feijoo et al. [17] proposed a long-term energy planning model to explore
the decarbonization of the Croatian energy system, taking into account
the links between the electricity, heat, transport, industry and
electro-fuels (e.g. hydrogen) sectors. They pointed out the main role of
power-to-X technologies to increase the flexibility of the system and
avoid overproduction of energy.

The Italian energy system has also been studied in the literature by
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means of projections of GHG emission reductions through VRES pene-
tration in the electricity sector, including the electrification of transport
and heating sectors. Colbertaldo et al. [18] modeled an integrated power
and transport system analyzing the role of P2G and hydrogen. They
demonstrated that it is possible to achieve a 57 % share of VRES in the
electricity mix by 2050, although no European GHG emission reduction
target was met in the proposed scenarios. In a further investigation of
the Italian case study [19], they also analyzed carbon-neutral scenarios
up to 2050, highlighting the need for a massive CO, emissions reduction
in several sectors, an increase in electricity generation from renewables
to 20 times today’s capacity, the use of storage systems (considering also
the hydrogen energy vector to enable sectors coupling), the use of
biogenic sources and CO5 capture. Jafari et al. [20] developed a capacity
expansion optimization model to investigate the interaction between
energy storage facilities and VRES. In particular, EES systems were
found to play a key role in enhancing the renewable energy sources
(RES) penetration. A high RES penetration was observed even in the
absence of CO; constraints. Bellocchi et al. [21] investigated the elec-
trification of both the transport and heating sectors in Italy. Their
assessment indicated a reduction in COy emissions by 70-75 %
compared to the 2017 levels and a RES share of 65 % in the electricity
production. In addition, in another study applied to Italy [22], the same
authors explored the crucial role of hydrogen and showed how the full
utilisation of renewable energy sources in electricity generation, the
electrification of private transport, and the use of green hydrogen and
electric fuels can result in a CO; emissions reduction of up to 49 %.
Bompard et al. [23] proposed an electricity triangle for the energy
transition, comprising electricity generation from VRES, the use of
electricity as an energy vector and the electrification of final energy
uses. This approach is projected to achieve an 85.6 % RES penetration in
electricity supply by 2050, accompanied by a CO; reduction of 68 %
compared to the 2020 emissions level. Lombardi et al. [24] investigated
the decarbonization of the Italian power sector, applying a
non-traditional approach that offers detailed options for the trans-
formation of the electricity system. In particular, they showed that
achieving its decarbonization by 2050 requires solely photovoltaic and
storage systems, emphasizing their necessity and significance.
Although long-term energy system models are the main tool for
conducting future analysis and forecasts, both the time representation
and the description of VRES remain a weakness. Ringkjgb et al. [25]
showed how a coarse time-step in energy system models can lead to
un-favorable investments, overestimation of VRES and underestimation
of costs. In fact, energy system models (ESMs) use sample periods to
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limit the computational burden of the simulation [26]. Generally, a rigid
time series representation is implemented, where each year is divided
into time slices identified by a season, a day type (i.e., season day) and a
daily time bracket (i.e., day fraction) [27]. Nevertheless, this time
framework can lead to inaccurate sizing of VRES and storage technol-
ogies [28], and becomes more evident the higher the relevance of time
series, such as in case of a high VRES share [29]. Novo et al. [30] pro-
posed a time series clustering approach that seeks to overcome this
problem and showed higher accuracy in modeling energy storage fa-
cilities and VRES variability. Specifically, they applied a clustering
method to time series input data to identify a set of representative time
periods: all the days of a given year were clustered into a given number
of representative days (RDs) so that the group members were as similar
as possible. They found that there is a minimum number of RDs that
allows to obtain a good compromise between accuracy of the results and
complexity of the problem.

One of the gaps in recent scientific works is the lack of comprehen-
sive long-term energy systems planning, in which a techno-economic
optimization is carried out, taking into account an adequate temporal
representation and description of the VRES. The aim of this work is to
elaborate a model of the Italian power sector, performing a long-term
planning from 2021 to 2050, using an updated version of OSeMOSYS
where time series clustering is applied [30]. The model also includes a
potential assessment of the photovoltaic and onshore wind technologies,
in order to estimate the actual expandability of these solutions. Both
batteries and hydrogen are introduced as electrical energy storage sys-
tems. The role of VRES and storage facilities (batteries and hy-drogen) in
promoting a progressive decarbonization of the Italian power sector is
then explored from an economic and environmental perspective.

The structure of this work is the following: Section 2 presents the
methodology for the energy system modeling; main techno-economic
assumptions are also shown, along with the scenarios that will be
investigated; in Section 3 results are presented and discussed; and finally
the main conclusions are summarized in Section 4.

2. Methodology

This section illustrates the overall methodology implemented to
examine the future structure of the Italian power system, where VRES
and storage facilities are expected to play an important role. First, Sec-
tion 2.1 explains the modeling framework used; Section 2.2 introduces
the actual structure of the Italian power sector; Section 2.3 describes the
energy model scheme adopted and illustrates the input data of the
model; finally, Section 2.4 describes the main analyses performed in this
work.

2.1. Modeling framework

In the context of decarbonizing energy systems, the investigation of
the current energy situation and future projections is often addressed
through the development of ESMs, which can be divided into two main
categories, namely top-down and bottom-up models [25,31].

More specifically, energy system optimization models (ESOMs),
which are an important branch of bottom-up energy models, provide an
integrated, technology-rich representation of the whole energy system
for long-term, multi-period time horizon analysis [32]. Therefore, they
represent an important tool to offer insights related to energy, envi-
ronmental and climate policy strategies, proposing the best set of tech-
nologies to achieve specific targets at minimized costs under specific
constraints [33]. Some of the most widespread tools are MESSAGE [34]
and TIMES [35] modeling framework, and the open-source Balmorel
[36], TEMOA [37], Calliope [38] and OSeMOSYS [39].

For this case study, the energy model has been built using OSe-
MOSYS (Open Source Energy Modeling System), which is a determin-
istic, LP/MILP-based, open source, multi-year modeling framework
[39]. The physical model structure is built on the following sets: regions,
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fuels, technologies and storages. In OSeMOSYS, the objective function
(OF) is the minimization of the net present cost (NPC) of the energy
system, given by the sum of the discounted costs (including capital, fixed
and variable terms) of technologies and storages over regions and years.

This work implements an updated version of 0SeMOSYS, where a
time series clustering approach is proposed to achieve high accuracy in
VRES and storage sizing at limited computational cost [30]. The aim of
the time series clustering is to group all the days of the year into a
predefined number of groups (i.e., representative days) so that the group
members are as similar to each other as possible. The clustering process,
which is based on the k-means algorithm, is performed by minimizing a
distance measure of the attributes between each group member [40].
The attributes considered in the aggregation process are the profiles over
the year of solar, onshore and offshore wind capacity factor and elec-
tricity demand.

2.2. The Italian context

At present, the Italian electricity supply strongly relies on fossil
power plants, which exploit resources such as coal, oil, natural gas and
non renewable industrial and municipal waste [41]. In 2021, the total
electricity production was equal to 289.1 TWh, with a thermoelectric
share of 65.6 % (consisting in both fossil fuel and bio-fuel based power
plant) and a renewable share of 34.3 %. Fig. 1 (a) shows the monthly
variation in the electricity demand during the year 2021; it can be seen
that it reached a peak during the summer season, from June to August.
Fig. 1 (b) shows the production share of the different technologies
exploited in 2021: the main renewable technologies used were
hydro-power (16.4 %), photovoltaic (8.7 %), onshore wind (7.2 %) and
geothermic (2.0 %) systems. A transition toward a lower carbon elec-
tricity mix is necessary to achieve future targets in terms of GHG
emission reduction and higher sustainability.

2.3. Energy model

2.3.1. Reference energy system

A simplified reference energy system of the Italian power sector
(including fuels, technologies and storages) is shown in Fig. 2. A country-
level representation is considered, with a single-node approach. The
different fossil fuels commodities and technologies are summarized
respectively into a unique vertical line (FOSSIL FUELS) and boxes (IMP/
EXT FOSSIL FUELS, FOSSIL PP). However, the Italian power system
relies on import/extraction, electricity-only power plants and combined
heat and power plants, for a total of 15 technologies, exploiting coal, oil,
natural gas, non renewable industrial and municipal waste. Analo-
gously, for the sake of clarity, in Fig. 2 biofuels and their associated
technologies are represented respectively into a unique vertical line
(BIO-FUELS) and boxes (IMP/EXT BIO-FUELS, BIO-FUELS PP). How-
ever, biofuels-based power plants are diversified into import/extraction,
electricity-only and combined heat and power plants, for a total of 14
technologies, exploiting liquid biofuels, primary solid biofuels, renewable
municipal waste and biogas. The electricity vectors refer to the sec-
ondary commodity (ELECTRICITY SC) and final demand (ELECTRICITY
FD). Finally, the following renewable energy sources technologies are
considered: onshore wind (ONSHORE WIND), offshore wind
(OFFSHORE WIND), photovoltaic (PHOTOVOLTAIC), geothermal
(GEOTHERMAL), hydro run-of-river (HYDRO RIVER), hydro reservoir
(HYDRO RESERVOIR). A more detailed scheme is included in the Sup-
plementary Material.

As shown in Fig. 2, in 0SeMOSYS, storage systems are modeled by
means of storages, to which technologies are associated allowing the
process of charging and discharging. Three different storages are
considered: the battery storage (BATTs), the hydrogen tank (HT) and the
hydro-pumped storage (PUMPED HYDROg). The electrolyzer (ELY) and
the fuel cell (FC) are the technologies required to charge and discharge
the hydrogen tank, respectively. (BATTT) is the technology included in
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Fig. 1. (a) Monthly electricity demand in 2021 [41]; (b) Electricity production share by technologies in 2021 [41].

0SeMOSYS to allow the charging and discharging of BATTs, and finally
PUMPED HYDROr is the technology associated with PUMPED HYDROs.

2.3.2. Input data

This section first describes the VRES potential assessment. Then, the
different assumptions about the electricity demand variation, the VRES
representation and the techno-economic parameters of the different
technologies are shown.

2.3.2.1. Renewable potential assessment. Potential assessment is a key-
point in the study of energy systems with high renewable penetration
to reliably define the actual availability of the involved renewable en-
ergy sources. From the literature, the best and most reliable approach to
estimate the potential at national level has not yet been identified. In
particular, five different potential categories can be considered when
assessing the potential of renewable energy sources [42]: theoretical,
geographical, technical, economic and feasible.

For this case study, the implemented method relies on the
Geographical Information System (GIS), which allows the use of geo-
spatial information by means of raster layers and vector maps. The
technical potential of onshore wind and photovoltaic technologies is
determined.

Subsequently, the results obtained are updated by comparing them
with further methodologies, in order to improve the reliability of the
results. Lastly, the assessment of offshore wind potential takes into ac-
count the recent projects of the Italian Wind Energy Association (ANEV).

2.3.2.2. Onshore wind and photovoltaic potential assessment. The esti-
mation of the availability of onshore wind and photovoltaic technologies
is performed applying different exclusion criteria, which are divided
into physical and technical constraints, built environment exclusion
criteria and constraints related to legislation, environmental limitation
for flora and fauna safeguard. All these constraints are implemented
using their geographical layers (shapefile format or vector map), which
are subsequently easily manipulated using QGIS tool.

For the onshore wind technology, the first geographical layer
considered is the average wind speed available at 150 m altitude, which
is a typical wind turbine hub height and also suitable for future new

1186

installations [43]. The wind speed values refer to the wind turbine
classes of the International Electrotechnical Commission (IEC 61400-1)
[44], as shown in Table 1. The identification of the theoretically useable
areas is done by considering areas with an average wind speed equal or
higher than 6 m/s.

Regarding the photovoltaic technology, the first constraint consid-
ered is the solar energy source in terms of Global Tilted Irradiation
(GTI), which is the average daily sum of the global tilted irradiation for
PV modules fix-mounted at optimum angle. The minimum acceptable
value is set at 1200 kWh/mz, which is the inverter activation value [45].

Starting from wind speed and global tilted irradiation shape-files, the
constraints reported in Table 2 are applied subtracting exclusion areas,
by means of layers “Difference”, or applying a buffer distance around
specific elements, using the “Buffer” function. Fig. 3 shows the overall
procedure scheme.

After computing the actual available area for the onshore wind and
photovoltaic technologies, specific power plants densities equal to 7
MW,/km? (wind) and 82 MW,/km?> (photovoltaic) are considered for the
potential assessment [46]. It is supposed that all the available area is
completely covered by onshore wind and photovoltaic power plants.
Table 3 (first column) reports the output results, which can be classified
as technical potentials.

The obtained technical potentials are computed considering the
various environmental limitations, economic aspects and also safety
constraints. Nevertheless, also social factors can influence the planning
decisions [47]. Harper et al. [48] developed a multi-level approach to
estimate the UK onshore wind potential also considering both social and
political aspects, such as people qualification level, mean age, political
orientation, from a statistical analysis. They showed that, in the UK case
study, the techno-economic potential of 220 GW decreased to a feasible
potential of 13 GW and 4 GW when applying soft and extreme criteria,
respectively. For this Italian case study, due to lack of information for
both social and political statistical parameters, it is assumed the same
percentage decrease of the UK case study to move from the technical to
the feasible potential. Final results are shown in Table 3 for both the
extreme and soft criteria.

2.3.2.3. Offshore wind potential assessment. Nowadays, offshore wind



C. Cara et al.

International Journal of Hydrogen Energy 59 (2024) 1183-1195

&
<

Primary energy ' Prlmar.y' ' Conversion ' Second.a.ry ' Distribution ' Final demand ' Storage
supply . commodities . sector . commodities H : '
: : : %) ! : o :
! 2 N : : (2 ! : T :
(@l @l 5] | - : | e :
' w = ' ' ) ' ' ) '
' w =) "4 ' ' < ' ' 4 '
: =2 | [E 1 : 4 : : 4 :
' %) (o) O ' ' = ' ' = '
: o (3| [H : : Q : : Q :
H o) — ' ' w H ' w '
i e w ' ' — ' ' - '
: : : T : : i :
IMP/EXT Pover
FOSSIL FUELS ! ) FOSSIL PP ) 1 i :
(ol coa, naural gas, wasle) | 3 3 —— > ElcDis |+ 3
: »  BIOFUELSPP —+—— > : : :
IMP/EXT : : : : : 1
BIOFUELS ! : : : : : wor ner
. ! [ ONSHORE WIND - w - SR
(biomasses, biogas, ren waste) | ' : < ; T - 3
! ‘ ‘ ! ‘ ‘ 8
IMP ELECTRICITY (— —> © | OFFSHORE WIND - ; ; : z
Il ' ' ' ' ' 4
! ‘ ‘ ; ; ; g
: ' | PHOTOVOLTAIC | ——> : ; ; &
5 | | GEOTHERMAL |~ 5 : =
E 3 3 i i i > '
; | HYDRORIVER (= : ; o o
! : : ! : i BATTy  BATTg| : o
: ! |HYDRO RESERVOIR |~ : ; o 8
: : : ; : — €] '8
; | | ; } T ohe 7T ey T
| 1 1 e 1 > Pl i
H ' ' H ' . ! |PUMPED PUMPED | | O
: : : ' ' .1 [HYDROT HYDROs| 1+ 3
i ! 1 ' : - <« '8

Fig. 2. Simplified reference energy system of the Italian power sector. A more detailed scheme is included in the Supplementary Material.

Table 1
IEC 61400-1 wind turbine classes [44].

Wind turbine class

I I I v
Annual average wind speed (m/s) 10 8.5 7.5 6
Table 2
Environmental, economic and safety constraints for potential assessment.
Parameter Value Ref.
Natura 2000 Network -
Important Bird Areas -
Water bodies >200 m [50-52]
Elevation (altitude) <1500 m [53,54]
High voltage transmission network >200 m and <10 km [55]
Railways, roads and highways >200 m [56,57]
Airports >3 km [58-60]
Urban Areas >200 m [61]
Terrain slope onshore wind <30 % [62]
Terrain slope PV <20 % [54]
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power plants are scarcely installed in Italy, with a bottom-fixed offshore
wind farm of 30 MW near Taranto harbor. Nevertheless, several efforts
are being made to develop and exploit also the offshore wind source.
According to estimates by the Italian Wind Energy Association (ANEV)
[49], offshore wind potential will amount to 5.5 GW by 2030.
Furthermore, thanks to the enhancement of the national electricity
transmission grid by TERNA, the future and feasible installable capacity
is estimated to reach 95 GW.

For this case study, a maximum potential for the offshore wind
technology of 5.5 GW by 2030 and 95 GW by 2050 is assumed.

2.3.2.4. Electricity demand. The annual electricity demand in Italy was
about 319.9 TWh in 2021, with a higher load in the summer season, as
shown in Fig. 1. An increase in the electricity demand is assumed from
2021 to 2030 based on the Italian National Trends [63]. In particular,
the values for electricity demand are taken from the NECP 2019 [64],
which takes into account final electricity consumption in the various
sectors. A massive electrification of the residential, lighting, heating and
industrial sectors is planned by 2030. The transport sector is also to be
converted by 2040. For this case study a linear increase is supposed from
2021 to 2025, from 2025 to 2030, and from 2030 to 2040. Finally, from
2040 to 2050 the same growth rate of the previous decade is assumed.
Fig. 4(a) shows the evolution of the electricity demand over the model
time period. Considering the timeseries of the electricity demand, the



Spatial operations

International Journal of Hydrogen Energy 59 (2024) 1183-1195

Power plants
density

||

Buffer + diff .
utter + difierence Onshore wind:

Onshore wind
potential

Water bodies 7 MW/km?2
High voltage
transmission network
Railways, roads and PV: Photovoltai tential
hlghWayS ——) 82 MW/km2 ——) otovoltaic potentia
Airports

Fig. 3. Onshore wind and photovoltaic potential assessment procedure.
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Filtering based on
resource availability
l Difference
Wind speed map v >6m/s
Natura 2000 areas
Important Bird Areas
Global tilted > Eleyation
irradiation map G > 1200 kWh/m Terrain slope
Table 3

Onshore wind and photovoltaic technical potential in Italy.

Technical potential Extreme criteria Soft criteria

™ GW GW
Onshore wind 1.46 86.2 411.2
Photovoltaic 6.70 26.5 126.5

year 2019 is taken as a reference for the electricity profile variation [41].
Indeed, the year 2020 has a lower demand profile due to the Covid-19
shutdowns and the year 2021 still faces some long-term effects deter-
mined by the lockdown [65].

2.3.2.5. Time series aggregation. The importance of representing time-
varying input data in energy system models is closely related to the
temporal variation of renewable production and energy demand. As
previously explained, while the traditional approaches use average pa-
rameters for time-varying data, the clustering method (k-means) is used
to define the representative days based on specific attributes [30].
Furthermore, each day consists of a specific number of time intervals
(daily time brackes), which is assumed to be equal to 5 for this case study
[27,66]. The total number of time slices is defined as the number of RDs
multiplied by the number of time intervals.

2.3.2.6. Capacity factor of variable renewable energy sources. The annual
profiles of VRES capacity factors (CF) are used to take into account the

variation in VRES production over the year [67]. Fig. 4(b) shows the
solar, onshore and offshore wind capacity factors during the course of

Annual electricity demand
460

440

420

(TWh)

o

930
’1«0 N

v

Capacity Factor

the year 2019. Solar CF reaches higher values during the summer sea-
son, from June to August, and sharply decreases during winter season.
Onshore and offshore wind technologies behave in the opposite way,
reaching higher values in winter with a peak in the month of February
and December, respectively. Although the CF evolution over the year is
similar, offshore wind CF is always higher compared to onshore wind
CF.

As a conservative hypothesis [68], no improvements in the CF time
series are assumed through-out the years of the model period.

2.3.2.7. Techno-economic and environmental assumptions. Table 4 shows
the main techno-economic assumptions for the estimation of the CAPEX
and replacement costs of the renewable technologies and storage facil-
ities of the Italian power system. Capital cost projections are imple-
mented to represent future costs evolution. Specifically, the CAPEX of
fossil fuel-based and biomass-based power plants, hydro power plants
and geothermal power plants are expected to either remain constant or
undergo a limited cost decrease, given their high maturity level. In
contrast, VRES technologies (such as photovoltaic, onshore and offshore
wind systems) are still in the development phase and are therefore ex-
pected to experience a strong cost reduction [69]. Battery storage sys-
tems will also experience a significant reduction in cost, due to the
growing interest and their potential role when integrated with VRES
power plants. In this analysis, the battery cost (the Li-ion typology is
considered) is divided into power- and energy-related contributions
applying a bottom-up cost model [70], analogously to what proposed by
Cole et al. [71]. A reduction in the cost of PEM electrolyzers and PEM
fuel cells is also expected due to mass production and research

Solar Onshore wind =@= (Offshore wind
0.6
)
/
0.5

4
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Fig. 4. (a) Electricity demand projection [63]; (b) Solar, onshore wind and offshore wind capacity factor variation over the year 2019.
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Table 4
Techno-economic assumption (CAPEX and replacement) of power components
and storages facilities [69,76,77].
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Table 6
Techno-economic assumption (variable OPEX) of power components [69,76,
771.

Capital cost (€/kW)

Operational life

Variable cost (k€/GWh)

2020 2030 2040 2050 2020 2030 2040 2050
PHOTOVOLTAIC 560 380 320 290 25y PHOTOVOLTAIC 0 0 0 0
ONSHORE WIND 1120 1040 980 960 25y ONSHORE WIND 1.50 1.35 1.24 1.22
OFFSHORE WIND 2120 1800 1680 1640 25y OFFSHORE WIND 5.00 3.89 3.42 3.25
HYDRO RESERVOIR 3000 3000 3000 3000 55y HYDRO RESERVOIR 0 0 0 0
HYDRO RIVER 2440 2440 2440 2440 55y HYDRO RIVER 0 0 0 0
PUMPED HYDRO 3500 3500 3500 3500 55y PUMPED HYDROt 0 0 0 0
GEOTHERMAL 4970 4970 4970 4970 30y GEOTHERMAL 0.32 0.32 0.32 0.32
BATTy 228 97 77 57 10y BATTr 0 0 0 0
ELY 1188 701 382 314 20 y* ELY 0 0 0 0
FC 1520 800 650 500 20 y* FC 0 0 0 0
Capital cost (€/kWh) Operational life
2020 2030 2040 2050
BATTs 241 105 79 55 10y Table 7
HT 15 15 15 15 20y Techno-economic assumption (variable OPEX) of fuels [69,76,77].
*stack lifetime of 10 years. Variable cost (k€/GWh)
2020 2030 2040 2050
development [72,73]. The cost of the electrolyzer and fuel cell stacks is IMP ELECTRICITY 155 155 155 155
assumed to be a fraction of the total CAPEX, equal to 40 % and 50 % for COAL 9.8 13.0 13.6 16.7
electrolyzer and fuel cell technologies, respectively [74]. Concerning OIL 38.9 67.9 76.4 111
hydrogen tanks, it is supposed no cost evolution over the selected time GAS 22.7 29.1 3L.6 40.7
. . . LIQUID BIOFUELS 183 183 183 183
period, due to the high maturity level of the steel pressure vessel tech- PRIMARY SOLID BIOFUELS e 56.9 e 56.9
nology [75]. Operational life values are also shown in Table 4 to esti- RENEWABLE MUNICIPAL WASTE 56.9 56.9 56.9 56.9
mate when the replacement occurs. Tables 5-7 show fixed and variable BIOGASES 56.9 56.9 56.9 56.9
NON RENEWABLE WASTE 56.9 56.9 56.9 56.9

operational costs.

As previously mentioned, PEM electrolyzers are selected as tech-
nology for the hydrogen production, due to their excellent dynamic
behavior and thus high compatibility with VRES [78]. PEM electrolyzers
efficiency is assumed equal to 65 % [79,80], while 51 % efficiency is
considered for PEM fuel cells [81]. Concerning the battery technology,
lithium-ion batteries are chosen for this analysis, due to their specific
features, such as high round-trip efficiency, low self-discharge rate, wide
cycling modulation range and long lifetime [82]. Charging and dis-
charging efficiency of Li-ions batteries is set to 90 % and their
energy-to-power ratio is constrained in the range from 0.5 to 2.
Hydrogen tanks are assumed as a pressurized vessel.

In addition, emission factors for fossil fuel-based technologies per
unit of activity are collected to also perform an environmental analysis
and estimate the CO5 emissions of the Italian electricity sector over the
years. They are directly related to the primary energy content of the
respective fuel (coal, oil and natural gas). A constant value for the
emission factor of the imported electricity is conservatively hypothe-
sized from 2021 to 2050. The assumed values are summarized in
Table 8.

Table 5
Techno-economic assumption (fixed OPEX) of power components [69,76,77].

Fixed cost (€/kW)

2020 2030 2040 2050
PHOTOVOLTAIC 11.30 9.50 8.10 7.40
ONSHORE WIND 14.00 12.60 11.59 11.34
OFFSHORE WIND 50.00 39.00 34.00 33.00
HYDRO RESERVOIR 25.50 25.50 25.50 25.50
HYDRO RIVER 8.20 8.20 8.20 8.20
PUMPED HYDROt 30.00 30.00 30.00 30.00
GEOTHERMAL 95.00 95.00 92.00 92.00
BATT 5.70 2.41 1.93 1.43
ELY 47.52 21.03 9.47 6.28
FC 60.80 32.00 26.00 20.00
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Table 8

Emission activity ratio assumed [83].

Emission rate

ktco2/GWh
COAL 0.338
OIL 0.264
GAS 0.201
ELECTRICITY IMPORT 0.226
NON RENEWABLE WASTE 0.148

2.4. Scenario setting

After the definition of the energy system model, two main analyses
are performed.

e Representative days (RDs) sensitivity analysis
e Techno-economic optimization of the detailed energy system

Fig. 5 summarizes the structure of this work and the scenarios that
have been analyzed.

2.4.1. Representative days sensitivity analysis

A sensitivity analysis is proposed to investigate the influence of the
variation in the number of representative days on both the model results
and the computation time. As the number of RDs increases, the
computational cost increases, while the model results become more
refined and less approximate. Therefore, it is necessary to determine the
optimal number of representative days as a trade-off between compu-
tation cost and accuracy of results.

A simplified model of the Italian power sector is implemented with
only batteries as new energy storage option. Moreover, the model period
is set from 2021 to 2040. These two simplifications have been made to
limit the model’s complexity and avoid excessive computational effort.
The energy system model is then run several times varying the number
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Techno-economic
optimization

Representative days
sensitivity analysis

Input Input

Optimal number of RDs
Li-ions battery
Hydrogen storage
Time period 2021 - 2050

!

Long-run energy model

Li-ions battery
Time period 2021 - 2040

|

RDs number variation

N

Process Process

N

Output @
) Technologies sizing
‘ Optimal number of RDs Yearly CO5 emissions

Fig. 5. Procedure scheme of the performed analyses.

it

of representative days. For the definition of the RDs (through the k-
means clustering process), the time series of the capacity factor of
onshore wind and PV technology and the time series of electricity de-
mand are considered.

The number of RDs is varied from 6 to 144 (due to the high
computational cost, no results are obtained with 365 RDs). Results are
then investigated and compared as a function of the number of repre-
sentative days, focusing on the problem resolution time, the objective
function (i.e., total net present cost), and the sizes of the involved
technology.

2.4.2. Techno-economic optimization

The aim of the techno-economic optimization analysis is to carry out
a long-term planning of the Italian power system from 2021 to 2050 and
investigate the role of renewable technologies and energy storage sys-
tems. The main characteristics of the optimization framework (in terms
of decision variables, objective function, contraints and results) can be
summarized as follows.

2.4.2.1. Decision variables.

e Annual installed capacity of technologies and storages in each year.
e Activity of technologies and storages in each time interval.

2.4.2.2. Objective function.
Objective function
300
275
250
225

200

8€)

175
150
125
100

6 12 24 36 48 72 144
Representative days

(a)

International Journal of Hydrogen Energy 59 (2024) 1183-1195

e Minimization of the net present cost (NPC) of the energy system,
given by the sum of the discounted costs (including capital, fixed and
variable terms) of technologies and storages over regions and years.

2.4.2.3. Constraints.
e Carbon phase-out by 2025 of fossil fuel-based technologies, with

exception of natural gas power plants, which can still be considered
in the future Italian energy mix [64].

e PNIEC trends of bio-fuels, hydropower and geothermal power plants
are imposed [64].

e Onshore wind soft case potential and offshore wind potential are set
(see Section 2.3.2).

e Photovoltaic soft case potential is set (see Section 2.3.2).

e Hydrogen system (composed by electrolyzer, fuel cell and hydrogen
tank) and Li-ion battery are considered as storage technologies.

2.4.2.4. Results.

e Total system costs (in terms of net present cost, NPC).

e Optimal configuration of the energy system and its evolution over
the years.

e Share of electricity generation from technologies.
e CO5 emissions.

3. Results and discussion

3.1. Representative days impact

The representative days sensitivity analysis was performed using the
simplified battery-only scenario from 2021 to 2040, varying the number
of RDs from 6 to 144. The full scale solution, which includes all days of
the year, was not performed due to the high computational cost.

The best trade-off between the computational effort and the solution
accuracy was derived by analyzing the main sizing results as a function
of the number of RDs.

The variation of the objective function with respect to the number of
RDs is shown in Fig. 6(a). The NPC tends to converge as the number of
RDs increases, with a variation of only 1.93 % between 6 and 144 RDs.

Computational time

612 24 36 48 72 144
Representative days

(b)

Fig. 6. (a) Objective function and (b) computational time as a function of the number of representative days.
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Fig. 7. Sizing results of the VRES and energy storage technologies as a function
of the number of representative days. Results refer to the year 2040.

Fig. 7 shows the sizing outcomes of the VRES and energy storage
technologies in the year 2040 as a function of the number of RDs:
onshore wind capacity, photovoltaic capacity, battery capacity in terms
of power (BATTrt) and energy (BATTs) components. The different results
show quite a stable behavior when the number of RDs is varied. The
variation between the results of installed capacity in 2040 obtained with
6 RDs and with 144 RDs is 15 % for the onshore wind technology, 3.5 %
for the photovoltaic technology, 6.19 % for the battery power compo-
nent, and 9.15 % for the battery energy component. Finally, the
computational time is analyzed as a function of the number of RDs
(Fig. 6(b)): as the number of RDs increases, the data processing also
increases. The vertical axis is shown in logarithmic scale, resulting in an
exponential trend. In particular, the computation time increases from
300 s with 6 RDs to 52,680 s with 144 RDs. Therefore, the use of RDs
significantly reduces the computational cost of the problem.

Considering these results, 6 RDs guarantee a reasonable level of
result accuracy and computational effort suitable for complex scenarios
with a large amount of input data to be optimized.

3.2. Techno-economic optimization results

The techno-economic long-term analysis by 2050 was performed
considering 6 RDs (30 time slices). The detailed model of the Italian
power sector was also run considering a higher number of RDs, but it
was not possible to obtain any results due to the increased computa-
tional burden. The model, indeed, covers a time horizon from 2021 to
2050, and includes the hydrogen-based energy storage system (i.e.,
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electrolyzer, fuel cell and hydrogen tank) as well as the offshore wind
capacity factor time series for the RDs definition, which strongly in-
creases the amount of data input to be elaborated. Anyway, as previ-
ously demonstrated for a simplified case study, the use of 6 RDs was
found to provide accurate sizing results, with a small error on the
objective function compared to the case with 144 RDs. From the techno-
economic optimization, an objective function of 233.7 B€ was found as
NPC for the whole power sector.

Nevertheless, it must be emphasized that this study focuses on the
power system and therefore the sizing outcomes relate specifically to
this sector. A single-node approximation is also used, limiting the
consideration of bottlenecks in electricity transmission.

Sections 3.2.1 and 3.2.2 show the main outcomes of the model
optimization, in terms of technologies sizing and yearly CO, emissions,
respectively.

3.2.1. Technologies sizing

Fig. 8(a) presents the evolution across the model period of the
installed capacity of each technology, which is composed by new and
residual capacities. Onshore wind and photovoltaic technologies expe-
rience a huge increase up to 86.2 GW and 186.7 GW, respectively, by
2050. Fossil fuel- and natural gas-based power plants face a reduction
over the years, although their dispatch share of 20 % is ensured. Since
there was no size constraint on fossil fuel-based technologies, the high
share of VRES capacity (which increases over the years of the model
period) is an indication of the cost-effectiveness of VRES technologies in
generating electricity. Furthermore, the total share of VRES capacity in
2050 is about 84.6 %, which is quite in line with other studies, e.g., 57 %
of VRES share by Colbertado et al. [18] and 80 % by Jafari et al. [20].

Fig. 9(a) and (b) show the installed capacity (new and residual) of
storage facilities, in particular of power components (in GW) and of
energy components (in GWh), respectively. The installed capacity of the
battery technology (in terms of power) increases sharply in the first part
of the model time period, due to its lower cost and higher efficiency with
respect to the hydrogen storage technology, and decreases in the second
part of the model time period down to 20.1 GW by 2050. By contrast, the
installed capacity of the fuel cell and electrolyzer systems is expected to
have an important increase in the last part of the considered time ho-
rizon, up to 7.53 GW (fuel cells) and 28.9 GW (electrolyzers) by 2050.
Furthermore, the installed energy capacity of the battery and hydrogen
tank by 2050 is 40.2 GWh (corresponding to an energy-to-power ratio of
2) and 219.6 GWh, respectively. Therefore, batteries are the most cost-
effective choice as energy storage solution in the first part of the model
period up to the year 2039, when the share of VRES capacity (over the
total installed capacities for electricity production), is 60 %. The greater
competitiveness of hydrogen storage is shown when the VRES installed
capacity enhances further, up to 84.6 % in 2050, thanks to the presence
of low-cost high-capacity hydrogen tanks. It is also highlighted the key
role of energy storage systems in limiting the oversizing of the renew-
able technologies, as also observed by both Jafari et al. [20] and Mar-
occo et al. [84].

Fig. 8(b) shows the evolution of electricity production by technology
over the model period. The main contribution is given by renewable
energy systems, in particular photovoltaic, onshore wind, hydro reser-
voir and hydro run of river technologies. Instead, the production share of
fossil fuel-based and natural gas-based power plants decreases in time.
In particular, Fig. 10(a) illustrates the share of the various technologies
for the electricity production by 2050: VRES accounts for 74.6 %, hydro
power for 20.1 % and natural gas-based power plants for 5.3 %. The
VRES term includes the photovoltaic (63.0 %) and onshore wind (37.0
%) technologies. The increasing electricity production from VRES over
the years is the direct result of the higher installed VRES capacity ach-
ieved by optimizing the long-term planning of the Italian power system
(through the minimization of the NPC). In particular, the final VRES
penetration in meeting the electricity demand of Italy in 2050 is in line
with the VRES share in the electricity production reported in other
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Fig. 8. (a) Annual capacity by technology from the techno-economic optimization analysis; (b) Annual production by technology from the techno-economic opti-

mization analysis.

studies [20,21]. Nevertheless, it should be noted that, in contrast to
these studies, the present work has carried out an assessment for the
Italian electricity system to explore its optimal capacity expansion
planning from 2021 to 2050.

Fig. 10(b) presents the total installed capacity (i.e., new and residual)
of VRES and storage facilities for three reference years (2030, 2040,
2050). Comparing the years 2030 and 2050, onshore wind and photo-
voltaic systems increase from 36.8 GW to 72.4 GW by 2030, to 86.2 GW
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and 186.7 GW by 2050, respectively. About 11.2 GW of battery are
installed by 2030 with a peak of 36.2 GW by 2038, although there is a
sharp decline to 20.1 GW by 2050. This is due to the important expan-
sion of hydrogen storage, where the capacities of the electrolyzer and
fuel cell technologies increase from 10.03 by 2040 to 28.9 GW by 2050,
and from 3.06 GW by 2040 to 7.53 GW by 2050, respectively. It is
interesting to see that there is a correspondence between the increasing
percentage of installed VRES capacity and storage facilities. By 2030,
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with 109.1 GW of installed VRES capacity, only battery storage is § 50
installed; by 2040, with 194.3 GW of installed VRES capacity, hydrogen 5 40
storage is also installed; and finally by 2050, with 272.9 GW of installed =
VRES capacity, there is a decrease in battery capacity and a significant 30
increase in hydrogen storage capacity.
The analysis of the decarbonization of the Italian power sector shows 20
that an important shift is needed from the current energy mix, which 10

relies heavily on fossil fuel-based technologies, to an opposite configu-
ration strongly based on renewable energy sources. Indeed, the VRES 0
capacity of 272.9 GW can lead to electricity production of around 400

TWh by 2050. This result is consistent with the analysis of the Italian

case study by Gaeta et al. [85] in which a VRES electricity generation

from solar and wind resources of 440-550 TWh is required to meet Fig. 11. CO, annual emissions.
electricity demand and ensure a green transition.
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technologies in the power system. It is noteworthy that, by performing a

3.2.2. Yearly COcoz emissions techno-economic optimization without environmental constraints, COo
) CO2 €missions over the entire time horizon of the model are shown In emissions in the power sector already fall sharply from 2021 to 2050,
Fig. 11. Emissions face a strong decrease of 87.3 %: from 79.1 Mtcoz in which is associated with a 5-fold increase in VRES capacity compared to

2021 to 10.1 Mtcoz in 2050, due to the high penetration of renewable 2021.
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4. Conclusions

In this work, an updated version of the OSeMOSYS tool is used to
perform an optimal long-term planning of the Italian power sector. A
time series clustering approach is applied, considering time varying
input data, such as the time series related to VRES capacity factors and
electricity demand. The aim is to provide an adequate temporal repre-
sentation and description of the VRES, and thus obtain a reliable sizing
of the involved technologies. Besides, the potential assessment of both
the onshore wind and photovoltaic technologies is performed, to pro-
vide accurate capacities constraints to the model.

First, a sensitivity analysis on the number of RDs is carried out to
investigate both the accuracy of results and the impact on the compu-
tational effort. It is observed that the variation between the results ob-
tained with 6 RDs and 144 RDs is limited, with a divergence for the
objective function equal to 1.9 %. On the contrary, the computational
time increases of two order of magnitude between 6 RDs and 144 RDs.
Considering these results, 6 RDs are selected for the long-term analysis
of the Italian electricity system, due to its complexity and the large
amount of input data, ensuring an adequate level of accuracy at a
planning stage.

The techno-economic optimization analysis of the Italian power
sector yields an NPC of 233.7 B€, resulting in a high penetration of VRES
technologies in the energy mix by 2050. Indeed, by 2050, the total VRES
capacity is 272.9 GW, composed of photovoltaic (68 %) and onshore
wind (32 %) technologies. Offshore wind is not installed due to its high
investment costs, although it has a higher capacity factor with respect to
onshore wind. On the electricity production side, a VRES share of 74.6 %
by 2050 is planned, while the remainder is divided between hydropower
(20.1 %) and gas-based technologies (5.3 %).

Furthermore, this analysis highlights the key role of energy storage
facilities in promoting energy systems strongly based on VRES. In
particular, battery storage is the preferable storage solution in the first
part of the power sector transition, due to its lower investment costs and
higher efficiency compared to hydrogen storage. As VRES penetration
increases over the years, hydrogen storage becomes pivotal, as it is
economically favorable as a long-term storage solution, though its
round-trip efficiency is lower compared to the battery solution.

Finally, a high VRES share in the power system leads to a strong
reduction in CO4 emissions over the model period, up to approximately
87 %. It is worth noting that these results were achieved without
imposing any decarbonization measures (in terms of CO, constraints)
and are due to the expected future cost decline of VRES and storage
technologies.

Future works could extend this analysis to other sectors such as heat,
transport and industry. Besides, energy interactions with border coun-
tries could be further explored, allowing for a more cost-efficient solu-
tion for the future Italian power sector.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijjhydene.2024.01.358.

References

[1] Agency IE. World energy outlook 2022. 2022. URL, https://iea.blob.core.windows.
net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.
pdf.

[2] Tan KM, Babu TS, Ramachandaramurthy VK, Kasinathan P, Solanki SG,
Raveendran SK. Empowering smart grid: a comprehensive review of energy storage

1194

[3]

[4]
[5]

[6]
71
[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

International Journal of Hydrogen Energy 59 (2024) 1183-1195

technology and application with renewable energy integration. J Energy Storage
2021;39:102591.

Alves M, Segurado R, Costa M. Increasing the penetration of renewable energy
sources in isolated islands through the interconnection of their power systems. the
case of pico and faial islands, azores. Energy 2019;182:502-10.

Commission IE. Electrical energy storage. 2019. URL, https://www.iec.ch/energie
s/electrical-energy-storage.

Hesse HC, Schimpe M, Kucevic D, Jossen A. Lithium-ion battery storage for the
grid—a review of stationary battery storage system design tailored for applications
in modern power grids. Energies 2017;10:2107.

Agency IE. The future of hydrogen. 2019. URL, https://iea.blob.core.windows.net
/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of Hydrogen.pdf.
Dutta S. A review on production, storage of hydrogen and its utilization as an
energy resource. J Ind Eng Chem 2014;20:1148-56.

Korner A, Tam C, Bennett S, Gagné J. Technology roadmap-hydrogen and fuel
cells. Paris, France: International Energy Agency (IEA); 2015.

Staffell I, Scamman D, Abad AV, Balcombe P, Dodds PE, Ekins P, Shah N, Ward KR.
The role of hydrogen and fuel cells in the global energy system. Energy Environ Sci
2019;12:463-91.

Buffo G, Marocco P, Ferrero D, Lanzini A, Santarelli M. Power-to-x and power-to-
power routes. In: Solar hydrogen production. Elsevier; 2019. p. 529-57.
Bogdanov D, Gulagi A, Fasihi M, Breyer C. Full energy sector transition towards
100% renewable energy supply: integrating power, heat, transport and industry
sectors including desalination. Appl Energy 2021;283:116273.

Commission E. A european green deal. 2020. URL, https://ec.europa.eu/info/str
ategy/priorities-2019-2024/european-green-deal_en.

Ministero dell’Ambiente e della Sicurezza Energetica. Piano nazionale integrato
per I'energia e il clima. 2023. URL, https://www.mase.gov.it/sites/default/files
/PNIEC_2023.pdf.

Scheller F, Wald S, Kondziella H, Gunkel PA, Bruckner T, Keles D. Future role and
economic benefits of hydrogen and synthetic energy carriers in Germany: a review

103037.

Martins K, Carton JG. Prospective roles for green hydrogen as part of Ireland’s
decarbonisation strategy. Results in Engineering 2023;18:101030.

Brey J. Use of hydrogen as a seasonal energy storage system to manage renewable
power deployment in Spain by 2030. Int J Hydrogen Energy 2021;46:17447-57.
Feijoo F, Pfeifer A, Herc L, Groppi D, Dui¢ N. A long-term capacity investment and
operational energy planning model with power-to-x and flexibility technologies.
Renew Sustain Energy Rev 2022;167:112781.

Colbertaldo P, Guandalini G, Campanari S. Modelling the integrated power and
transport energy system: the role of power-to-gas and hydrogen in long-term
scenarios for Italy. Energy 2018;154:592-601.

Colbertaldo P, Parolin F, Campanari S. A comprehensive multi-node multi-vector
multi-sector modelling framework to investigate integrated energy systems and
assess decarbonisation needs. Energy Convers Manag 2023;291:117168.

Jafari M, Korpas M, Botterud A. Power system decarbonization: impacts of energy
storage duration and interannual renewables variability. Renew Energy 2020;156:
1171-85.

Bellocchi S, Manno M, Noussan M, Prina MG, Vellini M. Electrification of transport
and residential heating sectors in support of renewable penetration: scenarios for
the Italian energy system. Energy 2020;196:117062.

Bellocchi S, Colbertaldo P, Manno M, Nastasi B. Assessing the effectiveness of
hydrogen pathways: a techno-economic optimisation within an integrated energy
system. Energy 2023;263:126017.

Bompard E, Botterud A, Corgnati S, Huang T, Jafari M, Leone P, Mauro S,
Montesano G, Papa C, Profumo F. An electricity triangle for energy transition:
application to Italy. Appl Energy 2020;277:115525.

Lombardi F, Pickering B, Colombo E, Pfenninger S. Policy decision support for
renewables deployment through spatially explicit practically optimal alternatives.
Joule 2020;4:2185-207.

Ringkjpgb H-K, Haugan PM, Solbrekke IM. A review of modelling tools for energy
and electricity systems with large shares of variable renewables. Renew Sustain
Energy Rev 2018;96:440-59.

Lund H, Arler F, @stergaard PA, Hvelplund F, Connolly D, Mathiesen BV, Karnge P.
Simulation versus optimisation: theoretical positions in energy system modelling.
Energies 2017;10:840.

Novo R, Minuto FD, Bracco G, Mattiazzo G, Borchiellini R, Lanzini A. Supporting
decarbonization strategies of local energy systems by de-risking investments in
renewables: a case study on pantelleria island. Energies 2022;15:1103.

Poncelet K, Delarue E, Six D, Duerinck J, D’haeseleer W. Impact of the level of
temporal and operational detail in energy-system planning models. Appl Energy
2016;162:631-43.

Lai CS, Locatelli G, Pimm A, Wu X, Lai LL. A review on long-term electrical power
system modeling with energy storage. J Clean Prod 2021;280:124298.

Novo R, Marocco P, Giorgi G, Lanzini A, Santarelli M, Mattiazzo G. Planning the
decarbonisation of energy systems: the importance of applying time series
clustering to long-term models. Energy Convers Manag X 2022;15:100274.
Bhattacharyya SC, Timilsina GR. A review of energy system models. Int J Energy
Sect Manag 2010;4:494-518.

Yue X, Pye S, DeCarolis J, Li FG, Rogan F, Gallachéir BO. A review of approaches to
uncertainty assessment in energy system optimization models. Energy Strategy Rev
2018;21:204-17.

Herbst A, Toro F, Reitze F, Jochem E. Introduction to energy systems modelling.
Swiss journal of economics and statistics 2012;148:111-35.

Schrattenholzer L. The energy supply model message. 1981.


https://doi.org/10.1016/j.ijhydene.2024.01.358
https://doi.org/10.1016/j.ijhydene.2024.01.358
https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref2
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref2
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref2
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref2
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref3
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref3
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref3
https://www.iec.ch/energies/electrical-energy-storage
https://www.iec.ch/energies/electrical-energy-storage
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref5
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref5
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref5
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
https://iea.blob.core.windows.net/assets/9e3a3493-b9a6-4b7d-b499-7ca48e357561/The_Future_of_Hydrogen.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref7
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref7
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref8
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref8
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref9
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref9
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref9
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref10
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref10
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref11
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref11
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref11
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/european-green-deal_en
https://www.mase.gov.it/sites/default/files/PNIEC_2023.pdf
https://www.mase.gov.it/sites/default/files/PNIEC_2023.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref14
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref14
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref14
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref14
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref15
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref15
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref16
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref16
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref17
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref17
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref17
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref18
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref18
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref18
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref19
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref19
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref19
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref20
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref20
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref20
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref21
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref21
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref21
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref22
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref22
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref22
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref23
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref23
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref23
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref24
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref24
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref24
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref25
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref25
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref25
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref26
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref26
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref26
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref27
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref27
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref27
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref28
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref28
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref28
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref29
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref29
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref30
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref30
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref30
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref31
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref31
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref32
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref32
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref32
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref33
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref33
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref34

C. Cara et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[591]

[60]

[61]

1. E. Agency, The integrated markal-efom system, (accessed: 19.April.2023). URL:
https://iea-etsap.org/index.php/etsap-tools/model-generators/times.

Wiese R, Bramstoft H, Koduvere AP, Alonso O, Balyk JG, Kirkerud AG, Tveten,
Bolkesjg TF, Miinster M, Ravn H. Balmorel open source energy system model.
Energy Strategy Rev 2018;20:26-34.

Hunter K, Sreepathi S, DeCarolis JF. Modeling for insight using tools for energy
model optimization and analysis (temoa). Energy Econ 2013;40:339-49.
Pfenninger S, Pickering B. Calliope: a multi-scale energy systems modelling
framework. J Open Source Softw 2018;3:825.

Howells M, Rogner H, Strachan N, Heaps C, Huntington H, Kypreos S, Hughes A,
Silveira S, DeCarolis J, Bazillian M, et al. Osemosys: the open source energy
modeling system: an introduction to its ethos, structure and development. Energy
Pol 2011;39:5850-70.

Kotzur L, Markewitz P, Robinius M, Stolten D. Impact of different time series
aggregation methods on optimal energy system design. Renew Energy 2018;117:
474-87.

Terna. Terna - national electricity grid s.p.a. 2023.

Jager T, McKenna R, Fichtner W. The feasible onshore wind energy potential in
badenwiirttemberg: a bottom- up methodology considering socio-economic
constraints. Renew Energy 2016;96:662-75.

Bechtle P, Schelbergen M, Schmehl R, Zillmann U, Watson S. Airborne wind energy
resource analysis. Renew Energy 2019;141:1103-16.

Ali S, Lee S-M, Jang C-M. Techno-economic assessment of wind energy potential at
three locations in South Korea using long-term measured wind data. Energies 2017;
10:1442.

Moscoloni C, Zarra F, Novo R, Giglio E, Vargiu A, Mutani G, Bracco G, Mattiazzo G.
Wind turbines and rooftop photovoltaic technical potential assessment: application
to Sicilian minor islands. Energies 2022;15:5548.

Agency DE. Technology data. 2022. URL, https://ens.dk/en/our-services/pro
jections-and-models/technology-data.

Alvarez-Farizo B, Hanley N. Using conjoint analysis to quantify public preferences
over the environmental impacts of wind farms. an example from Spain. Energy Pol
2002;30:107-16.

Harper M, Anderson B, James P, Bahaj A. Assessing socially acceptable locations
for onshore wind energy using a gis-mcda approach. Int J Low Carbon Technol
2019;14:160-9.

A. N. E. del Vento, Associazione nazionale energia del vento, ANEV. URL: htt
ps://www.anev.org/.

Hofer T, Sunak Y, Siddique H, Madlener R. Wind farm siting using a spatial analytic
hierarchy process approach: a case study of the stadteregion aachen. Appl Energy
2016;163:222-43.

Saraswat S, Digalwar AK, Yadav S, Kumar G. Mcdm and gis based modelling
technique for assessment of solar and wind farm locations in India. Renew Energy
2021;169:865-84.

Bennui A, Rattanamanee P, Puetpaiboon U, Phukpattaranont P,
Chetpattananondh K. Site selection for large wind turbine using gis. In: PSU-UNS
international conference on engineering and environment; 2007. p. 561-6.
Enevoldsen P, Permien F-H, Bakhtaoui I, von Krauland A-K, Jacobson MZ, Xydis G,
Sovacool BK, Valentine SV, Luecht D, Oxley G. How much wind power potential
does europe have? examining european wind power potential with an enhanced
socio-technical atlas. Energy Pol 2019;132:1092-100.

Bedin D, Holland E, Chies A, Annunziata V, Virdis A. Pvs in bloom: business
guide—ground photovoltaic investments on marginal areas. Intelligent Energy
Europe Programme; 2011.

Hofer T, Sunak Y, Siddique H, Madlener R. Wind farm siting using a spatial analytic
hierarchy process approach: a case study of the stadteregion aachen. Appl Energy
2016;163:222-43.

Disposizioni in materia di produzione di energia elettrica da fonti rinnovabili.
2021. URL: gazzettaufficiale.it/atto/regioni/caricaArticolo?art.
progressivo=0&art.idArticolo=6&art.versione=1&art.
codiceRedazionale=18R00012&art.dataPubblicazioneGazzetta=2018-04-07 &art.
idGruppo=0&art.idSottoArticolo=1.

Baseer M, Rehman S, Meyer JP, Alam MM. Gis-based site suitability analysis for
wind farm development in Saudi Arabia. Energy 2017;141:1166-76.
Latinopoulos D, Kechagia K. A gis-based multi-criteria evaluation for wind farm
site selection. a regional scale application in Greece. Renew Energy 2015;78:
550-60.

Sotiropoulou KF, Vavatsikos AP. Onshore wind farms gis-assisted suitability
analysis using promethee ii. Energy Pol 2021;158:112531.

Saraswat S, Digalwar AK, Yadav S, Kumar G. Mcdm and gis based modelling
technique for assessment of solar and wind farm locations in India. Renew Energy
2021;169:865-84.

Disposizioni in materia di produzione di energia elettrica da fonti rinnovabili.
2019. URL: gazzettaufficiale.it/atto/regioni/caricaArticolo?art.

1195

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

International Journal of Hydrogen Energy 59 (2024) 1183-1195

progressivo=0&art.idArticolo=39&art.versione=1&art.
codiceRedazionale=19R00107&art.dataPubblicazioneGazzetta=2019-06-01&art.
idGruppo=1&art.idSottoArticolo=1.

Rehman S, Mohammed AB, Alhems L. A heuristic approach to siting and design
optimization of an onshore wind farm layout. Energies 2020;13:5946.

Terna. Italian national trend. 2021. URL: National Trends Italia 2021_versione del
02022021 _h1900_8d8c7b589cffc37.pdf (terna.it).

inistero dell’Ambiente e della Sicurezza Energetica, Piano nazionale integrato per
I’energia e il clima. 2019. URL, https://www.mimit.gov.it/images/stories/docume
nti/PNIEC finale_17012020.pdf.

Alasali F, Nusair K, Alhmoud L, Zarour E. Impact of the covid-19 pandemic on
electricity demand and load forecasting. Sustainability 2021;13:1435.

Marocco P, Novo R, Lanzini A, Mattiazzo G, Santarelli M. Towards 100%
renewable energy systems: the role of hydrogen and batteries. J Energy Storage
2023;57:106306.

Energy DW. Corres - correlations in renewable energy sources. 2021. URL, https://
corres.windenergy.dtu.dk/open-data.

Swisher P, Leon JPM, Gea-Bermudez J, Koivisto M, Madsen HA, Miinster M.
Competitiveness of a low specific power, low cut-out wind speed wind turbine in
north and central europe towards 2050. Appl Energy 2022;306:118043.
Technology data for generation of electricity and district heating, 2022. URL: https
://ens.dk/en/our-services/projections-and-models/technology-data/technolog
y-data-generation-electricity-and.

Feldman D, Ramasamy V, Fu R, Ramdas A, Desai J, Margolis R. US solar
photovoltaic system and energy storage cost benchmark (Q1 2020), Technical
Report. Golden, CO (United States): National Renewable Energy Lab.(NREL); 2021.
Cole W, Frazier AW, Augustine C. Cost projections for utility-scale battery storage:
2021 update, Technical Report. Golden, CO (United States): National Renewable
Energy Lab.(NREL); 2021.

Bohm H, Zauner A, Rosenfeld DC, Tichler R. Projecting cost development for future
large-scale power-to-gas implementations by scaling effects. Appl Energy 2020;
264:114780.

Thomas D. (Hydrogenics), Mertens D. (Colruyt), Meeus M. (Sustesco), Van der Laak
W., Francois I. (WaterstofNet), Powerto- gas roadmap for franders, 2016. URL https
://www.waterstofnet.eu/_asset/_public/powertogas/P2G-Roadmap-for-Flanders.
pdf.

Undertaking HJ. Study on early business cases for h2 in energy storage and more
broadly power to h2 applications. 2017.

Tractebel engie H. Study on early business cases for h2 in energy storage and more
bradly power to h2 application. 2017. URL, https://hsweb.hs.uni-hamburg.de/pr
ojects/star-formation/hydrogen/P2H _Full Study FCHJU.pdf.

De Vita A, Kielichowska I, Mandatowa P, Capros P, Dimopoulou E,
Evangelopoulou S, Fotiou T, Kannavou M, Siskos P, Zazias G, et al. Technology
pathways in decarbonisation scenarios, tractebel, ecofys, E3- modelling. 2018.
Brussels, Belgium.

Teske S. Achieving the Paris climate agreement goals: global and regional 100%
renewable energy scenarios with non-energy GHG pathways for+ 1.5 C and+ 2 C.
Springer Nature; 2019.

Correa G, Marocco P, Munoz P, Falagiierra T, Ferrero D, Santarelli M. Pressurized
pem water electrolysis: dynamic modelling focusing on the cathode side. Int J
Hydrogen Energy 2022;47:4315-27.

IRENA, Making the breakthrough. Green hydrogen policies and technology costs.
2021.

Colbertaldo P, Guandalini G, Crespi E, Campanari S. Balancing a high-renewables
electric grid with hydrogen fuelled combined cycles: a country scale analysis. In:
Turbo expo: power for land, sea, and air, vol. 84157. American Society of
Mechanical Engineers; 2020. VOO6T09A006.

Caglayan DG, Heinrichs HU, Robinius M, Stolten D. Robust design of a future 100%
renewable european energy supply system with hydrogen infrastructure. Int J
Hydrogen Energy 2021;46:29376-90.

Marocco P, Ferrero D, Lanzini A, Santarelli M. Optimal design of stand-alone
solutions based on res+ hydrogen storage feeding off-grid communities. Energy
Convers Manag 2021;238:114147.

1. S. per la Protezione e la Ricerca Ambientale, Indicatori di efficienza e
decarbonizzazione del sistema energetico nazionale e del settore elettrico, 2022.
URL: https://www.isprambiente.gov.it/files2022/pubblicazioni/rapporti/r363-20
22.pdf.

Marocco P, Ferrero D, Lanzini A, Santarelli M. The role of hydrogen in the optimal
design of off-grid hybrid renewable energy systems. J Energy Storage 2022;46:
103893.

Gaeta M, Nsangwe Businge C, Gelmini A. Achieving net zero emissions in Italy by
2050: challenges and opportunities. Energies 2021;15:46.


https://iea-etsap.org/index.php/etsap-tools/model-generators/times
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref36
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref36
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref36
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref37
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref37
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref38
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref38
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref39
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref39
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref39
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref39
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref40
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref40
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref40
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref41
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref42
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref42
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref42
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref43
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref43
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref44
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref44
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref44
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref45
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref45
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref45
https://ens.dk/en/our-services/projections-and-models/technology-data
https://ens.dk/en/our-services/projections-and-models/technology-data
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref47
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref47
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref47
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref48
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref48
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref48
https://www.anev.org/
https://www.anev.org/
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref50
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref50
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref50
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref51
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref51
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref51
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref52
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref52
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref52
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref53
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref53
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref53
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref53
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref54
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref54
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref54
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref55
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref55
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref55
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref56
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref56
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref56
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref56
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref56
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref57
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref57
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref58
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref58
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref58
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref59
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref59
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref60
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref60
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref60
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref61
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref61
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref61
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref61
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref61
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref62
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref62
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref63
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref63
https://www.mimit.gov.it/images/stories/documenti/PNIEC_finale_17012020.pdf
https://www.mimit.gov.it/images/stories/documenti/PNIEC_finale_17012020.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref65
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref65
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref66
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref66
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref66
https://corres.windenergy.dtu.dk/open-data
https://corres.windenergy.dtu.dk/open-data
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref68
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref68
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref68
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-generation-electricity-and
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-generation-electricity-and
https://ens.dk/en/our-services/projections-and-models/technology-data/technology-data-generation-electricity-and
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref70
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref70
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref70
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref71
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref71
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref71
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref72
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref72
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref72
https://www.waterstofnet.eu/_asset/_public/powertogas/P2G-Roadmap-for-Flanders.pdf
https://www.waterstofnet.eu/_asset/_public/powertogas/P2G-Roadmap-for-Flanders.pdf
https://www.waterstofnet.eu/_asset/_public/powertogas/P2G-Roadmap-for-Flanders.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref74
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref74
https://hsweb.hs.uni-hamburg.de/projects/star-formation/hydrogen/P2H_Full_Study_FCHJU.pdf
https://hsweb.hs.uni-hamburg.de/projects/star-formation/hydrogen/P2H_Full_Study_FCHJU.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref76
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref76
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref76
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref76
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref77
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref77
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref77
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref78
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref78
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref78
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref79
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref79
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref80
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref80
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref80
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref80
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref81
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref81
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref81
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref82
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref82
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref82
https://www.isprambiente.gov.it/files2022/pubblicazioni/rapporti/r363-2022.pdf
https://www.isprambiente.gov.it/files2022/pubblicazioni/rapporti/r363-2022.pdf
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref84
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref84
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref84
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref85
http://refhub.elsevier.com/S0360-3199(24)00398-7/sref85

	Modeling the long-term evolution of the Italian power sector: The role of renewable resources and energy storage facilities
	1 Introduction
	2 Methodology
	2.1 Modeling framework
	2.2 The Italian context
	2.3 Energy model
	2.3.1 Reference energy system
	2.3.2 Input data
	2.3.2.1 Renewable potential assessment
	2.3.2.2 Onshore wind and photovoltaic potential assessment
	2.3.2.3 Offshore wind potential assessment
	2.3.2.4 Electricity demand
	2.3.2.5 Time series aggregation
	2.3.2.6 Capacity factor of variable renewable energy sources
	2.3.2.7 Techno-economic and environmental assumptions


	2.4 Scenario setting
	2.4.1 Representative days sensitivity analysis
	2.4.2 Techno-economic optimization
	2.4.2.1 Decision variables
	2.4.2.2 Objective function
	2.4.2.3 Constraints
	2.4.2.4 Results



	3 Results and discussion
	3.1 Representative days impact
	3.2 Techno-economic optimization results
	3.2.1 Technologies sizing
	3.2.2 Yearly COCO2 emissions


	4 Conclusions
	Declaration of competing interest
	Appendix A Supplementary data
	References


