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ARTICLE INFO ABSTRACT

Handling editor: Neven Duic Renewable energy communities (RECs) represent the new scheme for promoting the distributed renewable
generation, which must be managed to maximise the local energy self-consumption. The aim of this paper is to
assess and discuss strengths and weaknesses of small-scale sector coupling strategies in residential RECs by means
of a comparative analysis of their applications. Different power-to-X strategies have been applied to twenty-seven
REC configurations. The systems have been separately simulated by means of the EnergyPLAN software. Power-

to-heat strategy turns out to be the most cost-effective solution to integrate the RES excess, however, its potential
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EnergyPLAN
Hydliygen often is not enough to fully accommodate it. Power-to-vehicle has low infrastructure costs, but its limit depends
Heat pumps on the electric vehicle penetration and citizens’ participation. Exploiting the electric vehicle batteries is always

more cost-effective than installing stationary batteries. The competitiveness of power-to-power is extremely
linked to the REC electrification level. Power-to-gas is promising in high-RES excess conditions, but rarely
represents the best solution due to current high electrolyser costs. The implementation of energy storage systems
is crucial for improving the local self-consumption and the cross-sector integration is a better solution in energy,
economic and environmental terms than focusing only on the electricity sector.

1. Introduction

The rapid deployment of renewable energy sources (RES) is taking
place to meet international greenhouse gas emission (GHG) reduction
targets. Conventional energy systems powered by centralised fossil fuel
power plants are giving way to distributed energy systems based on
decentralised renewable generation.

The EU Directive 2018/2001, also known as Renewable Energy
Directive (RED II), formally introduced Renewable Energy Communities
(RECs), an energy governance model to promote the distributed RES
deployment and citizen participation in the energy transition process.
RECs are legal entities allowing community members to collectively
produce, manage, store, and sell renewable energy. The main purpose of
RECs “is to provide environmental, economic or social community benefits
for its shareholders or members or for the local areas where it operates, rather
than financial profits” [1].

Such an energy model should not only support the development of
distributed generation, but also manage the system in order to maximise
local energy self-consumption (SC) [2]. Indeed, numerous decentralised
generation plants are not manageable by existing power grids.
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According to Ref. [3], current electricity networks can accommodate up
to 40 % of electricity hailing from Variable RES (VRES).

The challenge of integrating VRES in distributed energy systems has
been widely discussed in the recent years. That issue has been firstly
investigated by means of electric batteries (EBs). Nevertheless, electro-
chemical storage systems are characterised by high costs [4] and sig-
nificant environmental impact on the life cycle [5]. Thereby, the system
flexibility cannot be efficiently provided by focusing only on the elec-
tricity sector, but must be pursued by exploiting synergies between
sectors and integrating electricity, thermal and gas networks.

That concept is known in literature as the Smart Energy Systems
(SES) approach, proposed by Lund et al. [6], in order to overcome the
single-sector approach towards a holistic and integrated one. According
to Ref. [7], “a Smart Energy System is defined as an approach in which smart
electricity, thermal and gas grids are combined with storage technologies and
coordinated to identify synergies between them in order to achieve an optimal
solution for each individual sector as well as for the overall energy system”.

Several works demonstrate the benefits of exploiting different cross-
sector interconnections to integrate the VRES generation [8]. In litera-
ture, the preposition “Power-to” is used to indicate the conversion of
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renewable electricity into other energy carriers [9]. Furthermore,
Power-to-X (PtX) strategies consist of energy carrier conversions to
efficiently use available energy storage technologies. There is no unique
definition of the Power-to-X concept, and several meanings can be found
in literature.

In most of scientific works [10-12], the use of PtX is limited to the
concept of Power-to-Gas (PtG), i.e. the conversion of electricity into
hydrogen and in other synthetic products (also known as Power-to-fuels
or Power-to-Liquid, when the fuel is in a liquid state). In other studies
[13-15] the PtX concept is used to denote both PtG and Power-to-Heat
(PtH) applications. The latter is the conversion of electricity into thermal
energy. Others [16-18] extend the concept to all the electricity con-
version in energy carriers, including the final reconversion into elec-
tricity (Power-to-Power) or the application to the mobility sector
(Power-to-Vehicle or Power-to-Mobility). In order to identify a unique
definition, the Power-to-X concept can be intended as the general con-
version of renewable electricity into different energy carriers or applications.

By the wide deployment of distributed generation plants, the SES
approach and the PtX strategies become of utmost importance also on a
local scale in order to limit the electricity injection into the local power
grid.

The aim of this paper is to assess and discuss strengths and weak-
nesses of small-scale PtX applications in residential RECs. The state-of-
art of Power-to-Power (PtP), Power-to-Gas, Power-to-Heat and Power-
to-Vehicle (PtV) systems has been reviewed.

Furthermore, the PtX strategies have been applied to a REC in order
to analyse their viability to maximise the energy SC, mitigate GHG
emissions and reduce community annual costs. The comparison between
the four PtX strategies has been carried out by investigating 27 REC
configurations in order to generalise as much as possible the analysis.
Moreover, this paper contributes to demonstrate the need for the SES
approach in distributed energy systems.

2. Power-to-X systems

The distributed RES deployment will go hand in hand with the en-
ergy storage systems’ one. Several solutions for converting the RES
excess have been investigated in the recent years. To model and simulate
different energy scenarios, some of the most common PtX strategies have
been considered. To identify suitable smart energy storage solutions for
REGCs, the state-of-art of small-scale PtX applications has been reviewed.
In detail, an overview of PtG, PtP, PtV and PtP systems is presented
below.

2.1. Power-to-Gas

Converting electricity into hydrogen by means of water electrolysis
represents a viable solution for balancing local power grids [19]. The
potential role of PtG systems for storing the RES excess and mitigating
renewable fluctuations in distributed energy systems has been widely
analysed in literature [20,21]. Fonseca et al. [22] reviewed more than
one hundred studies investigating the potential hydrogen role in
distributed energy systems. According to them, a wide variety of scales
was considered for PtG applications, nevertheless, only a few case
studies assessed the hydrogen role in neighbourhoods and residential
complexes.

The role of hydrogen for balancing power grids by means of fuel cells
has been investigated in literature [23]. Nevertheless, hydrogen is not
the best option for balancing VRES on electricity networks due to the
low round trip efficiency of Power-to-Gas-to-Power process [24]. More
interesting is the hydrogen application for other purposes not correlated
to the electricity generation [25].

It can be used for producing alternative fuels, such as synthetic
natural gas, methanol, ammonia and DME (dimethyl ether) [26].
However, the production of electro-fuels requires large-scale reactors,
representing a barrier for implementation in small-scale energy
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communities [27].

Hydrogen can instead be a vector for the transport sector decar-
bonisation [28]. However, nowadays, hydrogen refuelling stations, as
well as hydrogen vehicles, are not widespread.

A viable solution for small-scale applications is the blending of
hydrogen with natural gas (NG). For low volume fractions, there are no
significant changes in the main parameters of both gas infrastructure
and gas-driven end-use devices [29].

This solution also has the advantage of not requiring a dedicated
infrastructure, but exploits the current gas infrastructure, which is
widespread in some countries. Furthermore, blending presents far fewer
safety risks than classical hydrogen transport and storage solutions [30].

2.2. Power-to-Heat

Power-to-Heat strategy is the flexible conversion of power into
thermal energy, by means of heat pumps (HPs) either for heating or
cooling purposes.

Compression HPs are commercial devices producing heat in an effi-
cient and cost-effective manner. PtH systems can be considered prom-
ising solutions for integrating RES excess both by flexible demand and
thermal energy storage (TES) [31]. TES consisting of hot water tanks is a
simple and economical solution for storing excess renewable energy
[32].

The potential flexibility provided by PtH systems is correlated to the
HP size, the TES size, the thermal demand and its profile [33]. There-
fore, often PtH applications present limits due to endogenous factors.

Several works analyse HPs in residential applications for providing
system flexibility [34]. Furthermore, many studies investigate the local
RES integration focusing on the energy self-consumption [35].

The PtH strategy can be applied in a centralised or decentralised
manner depending on the thermal infrastructure [36]. Indeed, each
building can be supplied by individual HPs, or several buildings can be
supplied by a district heating (DH) network. The fourth generation of
DH (4GDH), i.e. a low-temperature smart thermal network, allows for
integrating renewable generation in energy districts, decarbonising
thermal demand, reducing thermal losses and providing a cost-effective
solution for storing intermittent generation [37].

2.3. Power-to-Vehicles

In order to decarbonise the transport sector, the wide deployment of
electric vehicles (EVs) is crucial [38]. EVs can represent a means for
balancing power fluctuations due to VRES generation [39]. The inte-
gration of EVs in future smart energy systems with high RES share have
been widely investigated in literature [40]. Furthermore, several works
assessed the topic of EV charging management [41]. In the absence of
coordinated charging, electric vehicles represent an inflexible demand
that can create further uncertainty in renewable energy systems. The
role of an aggregator for managing electric vehicle charging is necessary
to coordinate generation and demand [42].

Smart management of electric vehicle charging is identified in the
literature by many names, such as smart charging, Vehicle-1-Grid or
Power-to-Vehicle.

In general, that strategy consists of varying the charging scheduling
by shifting the demand over time and modulating the charging power
according to renewable generation [43].

Vehicle-to-grid (V2G) systems, meanwhile, consist of a two-way flow
between vehicles and the electricity grid [44]. Vehicles provide their
electric batteries as a storage system for renewable generation and
supply energy to the grid when the intermittency of renewables is
needed [45]. Therefore, EVs can become suppliers and balance the local
energy system [46].

The technical infrastructure is not excessively expensive, as it con-
sists of a computer system for energy flow management in addition to
the charging stations [47].
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Table 1
Characteristics and electricity demand of REC and dwelling archetypes.
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Dwelling Archetype Number of dwellings

Inhabitants (n° of people)

Surface (m?) Annual Electrical Consumption (MWh/year)

A 50 2 60 0.95
B 50 3 67 1.91
C 50 4 134 2.53
D 50 3 137 2.5
Energy Community 200 600 19,900 394.4
A preliminary analysis comparing a conventional and a smart energy
Tablfe 2 . . system layout has been carried out in order to investigate the ability of
Heating, cooling and DHW demand of REC and dwelling archetypes. . .
the two systems to integrate the renewable generation. Furthermore,
Dwelling Annual heating Annual cooling Annual DHW from this analysis, three photovoltaic (PV) configurations in the smart
Archetype demand (MWh/ demand (MWh/ demand (MWh/ scenario have been chosen for assessing the PtX strategies under
year) year) year) . s
different RES excess conditions.
A 4.22 3.02 1.06 PtP, PtH, PtG and PtV systems have been separately simulated by
B 4.71 3.37 1.13 .
c 0.42 674 1.89 means of EnergyPLAN. In order to compare each other the different
D 9.63 6.89 1.92 strategies, a correlation between the energy self-consumption and the
Energy 1398.9 1000.9 300.2 REC annual costs, hailing from the energy storage systems size varia-
Community tions, have been made. In such a way, the best strategy, for each SC level

In the case of bi-directional flows, the overall costs increase due to
the management system complexity. Furthermore, even more complex
scheme have been analysed such as vehicle-to-vehicle systems, i.e. the
transfer of energy from an EV to another [48].

The main barrier to such a strategy is the EV owners’ participation,
who need to make their vehicles available for a longer period than just
recharging. Furthermore, in the case of V2G strategy, the two-way flow
and numerous charge and discharge cycles lead to rapid degradation of
EV batteries [49].

2.4. Power-to-Power

With the Power-to-Power concept, it can be generally indicated a
storage system providing power as output [9]. PtP systems convert
electricity into chemical or mechanical energy for storing and then it is
reconverted into electricity. At national scale, the most widespread PtP
applications regard pumped hydro storage. Also compressed air energy
storage can be counted as PtP system, nevertheless, that technology is
rarely used.

The most mature PtP technology for small scale applications are
electric batteries. Rechargeable electrochemical batteries, also called
second batteries, are chemical energy storage systems concerning
different commercial technologies. Of these, lithium-ion batteries are
the most widely used for small-scale stationary storage, due to their high
energy density, high round-trip efficiency and long lifetime [50].
Currently, their costs are very high, but they are expected to decrease
rapidly in the coming years [51].

EBs can help the integration of VRES generation enhancing the local
electricity self-consumption and their role is important in providing
various services for balancing and managing electrical distribution
networks [52]. However, self-discharge is a problem for most electro-
chemical batteries, which limits their role to short-term storage appli-
cations and their costs is currently not competitive with other storage
solutions [53]. Furthermore, their replacement due to their short life-
span leads to problems of chemical disposal and material consumption
that result in considerable life-cycle environmental impact [54].

3. Material and methods

The aim of this paper is to assess and discuss strengths and weak-
nesses of small-scale PtX applications in residential RECs. The applica-
tion of PtX strategies to a case study, consisting of ten buildings and two
hundred flats has been investigated. The case study has been modelled
considering electricity, heating, cooling, and transport demand.

can be easily identified. The four strategies have been also assessed in
terms of annual avoided CO5 emissions.

Furthermore, in order to widen and generalise the analysis, the EV
penetration and the Power-to-Heat ratio (PTHR) have been varied, so
that twenty-seven REC configurations have been studied. The PTHR can
be defined as the ratio between the annual electricity demand and the
annual heating demand.

3.1. EnergyPLAN

EnergyPLAN is an energy system analysis tool, developed at Aalborg
University, for modelling and simulating future energy systems char-
acterised by large RES penetration [55]. It is a deterministic inpu-
t/output tool using an hourly time-step over the analysis. EnergyPLAN
takes into account different energy sectors, including electricity, heat-
ing, cooling, transport, and industry. Additionally, several conversions
between energy carriers and numerous renewable and conventional
technologies can be simulated.

One of the most important advantages of EnergyPLAN is the very
short computational time allowing the coupling with different tools in
order to perform a large number of energy system simulations [56].
EnergyPLAN has been applied at quite different scales. Connolly et al.
[57] analysed the decarbonisation of the European Union by 2050.
Furthermore, the main scale investigated by means of EnergyPLAN is the
national level [58]. Nevertheless, several studies applied it to cities [59],
municipalities [60], islands [40] and districts [61] analysis.

3.2. Case study

The case study is a residential REC located in Rome, consisting of ten
buildings and two hundred flats. The REC model has been built referring
to the study of Mancini et al. [62] for the electrical loads and the
dwelling archetypes definition. Their work presents a methodology for
estimating the load profile of a residential cluster by combining exper-
imental and statistical approaches. Moreover, average hourly loads,
divided by working, pre-holiday and holiday days for each month, have
been defined for fourteen dwelling archetypes by means of a monitoring
action over the years 2018 and 2019. Four archetypes have been
considered for the REC model assessed in the present work. Their main
characteristics have been reported in Table 1.

Heating and cooling demand have been defined in accordance with
the work of Mancini et al. [63], which defines average energy perfor-
mance (EP) indicators for a residential complex in Rome. The EP in-
dicators for heating (EPh) and cooling (EPc) are equal to 70.3 kWh/mZyr
and 50.3 kWh/m?yr, respectively. The domestic hot water (DHW)
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Table 3
Energy demand of transport sector for REC in the conventional scenario.
Vehicle type persistence of Transport Fuel/Electricity
vehicle fleet (%) demand (km/ demand (MWh/year)
year)
Petrol 49.8% 1,533,840 935,7
Diesel 39.9% 1,228,920 607.6
Electric 1.5% 46,200 8.2
Gas 8.8% 271,040 152.4
Energy 100% 3,080,000
Community
Table 4
Energy demand of transport sector for REC in the smart scenario.
Vehicle type persistence of Transport Fuel/Electricity
vehicle fleet (%) demand (km/ demand (MWh/year)
year)
Petrol 25.3% 779,240 475
Diesel 20.3% 625,240 308.5
Electric 50% 1,540,000 272.6
Gas 4.4% 135,520 77.4
Energy 100% 3,080,000
Community

demand has been computed according to the Italian standard UNI/TS
11300 [64]. The heating, cooling and DHW demands for dwelling ar-
chetypes and the overall values for the REC have been summarised in
Table 2.

Hourly load profiles of heating, cooling and DHW demands have
been considered on the basis of the data made available by the Hotmaps
Project [65]. The Hotmaps open data repositories provide aggregated
hourly load profile on NUTS 2 level for different energy sectors. In such a
way, the REC’s annual demands have been distributed on hourly basis.

National

Electricity Grid
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In order to model the transport demand, the data of transport in Rome
have been considered in accordance with the Roman mobility report
[66]. Average per capita car movements are equal to 1.07 movements
per day and average distance of single movement is equal to 13.1 km.
The REC is composed by 600 people, thereby the total transport demand
associated to the REC’s citizens is equal to 3,080,000 km/year. In 2020,
the car fleet in Rome is composed mainly by petrol and diesel vehicle.
EVs represent only the 1.5% of the Roman car fleet. The shares of vehicle
types have been used to build the local transport demand for the resi-
dential REC. In Table 3, the energy demand associated to the transport
sector for REC in the conventional scenario have been summarised. The
hourly profile of transport demand has been modelled according to
Ref. [67]. In that work, the authors present a time series with a high
temporal resolution describing the traffic profile in the city of Turin.

3.3. Conventional energy system

The conventional scenario represents a common energy system of an
Italian residential district. Electricity demand is met by power grid,
whilst NG boilers supply heating and DHW demand. As regards the
cooling load, it is generally guaranteed by the use of air-to-air heat
pumps. Furthermore, the car fleet has been presented in Table 4, ac-
cording to the average distribution of vehicle types in Rome. A boiler for
each building has been considered, furthermore cooling demand is
supplied by individual devices for each flat. The conventional energy
system configuration has been depicted in Fig. 1.

3.4. Smart energy system

The smart energy system configuration envisages the wide electrifi-
cation of energy end-uses. It includes air-to-water heat pumps for sup-
plying heating, cooling and DHW demands. A reversible HP for each
building and additional HPs for DHW have been considered.

PV System

National NG

PFEC arid

Conventional
Vehicle Fleet

Electricity
Demand
) g i
Heating and
J DHW Demand
o 2
& =)
Cooling
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b J
' B Y
Transport
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N J

Fig. 1. Conventional energy system configuration of a renewable energy community.



L.M. Pastore et al. Energy 280 (2023) 128205

ik Electrical Thermal
PV .Svs‘tem Storage Storage
3
National
apu_ng Electricity
Electricity Demand
Grid X

T
Heating and
DHW

Demand

National NG Air-to-water
grid : Heat Pump

PFEC

Electrolyser —_—
Cooling

Demand
——

Electric

Vehicle Fleet

Conventional 5 Transport
Vehicle Fleet [ Demand
: o

Fig. 2. Smart energy system configuration of a renewable energy community.
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Fig. 3. PV specific cost curve [72,73].
Furthermore, the EV share has been enhanced up to 50% of the REC’s e PtH strategy consists of exploiting a thermal energy storage (TES)
car fleet. In Table 4, the energy demand of transport sector for REC in the system for converting the RES excess in thermal energy by means of
smart scenario have been summarised. heat pumps and storing it into hot water tanks. For that system, the
In both conventional and smart energy systems, the integration of a parametric analysis has been carried out by enlarging the TES’s size.
PV plant has been analysed. Furthermore, several PtX options have been e PtG system consists of low temperature electrolysers for converting
individually implemented in the smart scenario for converting and electricity into hydrogen. Thereafter, hydrogen is injected into the
storing the RES excess. gas grid by means of mixing devices. A remuneration for hydrogen
injected, equal to the energy price of NG for residential users, has
e Traditional PtP system has been modelled with Lithium-ion batte- been considered. PtG strategy has been implemented by varying the
ries. The analysis has been carried out by changing the batteries electrolysers’ rated power input.

array capacity.
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Table 5

Assumptions on O&M costs and lifetime for the system’s components.
Component O&M costs (% of Lifetime Ref.

INV) (years)
NG Boilers 6.25% 20 [79]
Air-to-Air HPs 9.55% 10 [79]1
Air-to-water HPs 5.84% 15 [79]
PV plant 1.58% 25 [80,
81]
Li-ion batteries 2% 15 [82,
83]
ALK electrolysers 2% 20 [84]
TES 0.7% 25 [79]
Dumb EV charge 1% 20 [85]
infrastructure
Smart EV charge 1% 20 [85]
infrastructure

Table 6

Energy prices for end-users.
Energy vector Unit Price
Electricity €/MWh 184
NG from gas grid €/MWh 86
Petrol €/1 1.57
Diesel €/1 1.41
LPG €/1 0.71

Table 7
Thermal plants’ size and average efficiency for both conventional and smart
scenarios.
Scenario Component Rated Power  Efficiency/ Ref.
(KW) COP
Conventional NG Boilers 96 0.92 [71]
Air-to-Air HPs 2.5 2.7 [90]
Smart Air-to-water HPs for 88 3.07 [91]
heating and cooling
Air-to-water HPs for 10 3.38 [91]
DHW
Table 8
Technical assumptions for the system’s components.
Component Parameter Unit Value  Ref.
PV plant Annual producibility kWh/kW/yr 1544 [92]
Li-ion batteries Round trip efficiency % 90 [93]
ALK electrolysers Efficiency (LHV) % 65 [94]
EV charge infrastructure ~ Charging efficiency % 95 [85]

Table 9
Assumptions of specific vehicle consumption sorted by vehicle type.

Vehicle type Specific Vehicle consumption

Unit Value
Petrol 1/100 km 5.6
Diesel 1/100 km 4.9
Electric kWh/100 km 11.5
Gas kg/100 km 3.1

e Finally, PtV system includes the smart charge of EVs, to provide
demand-side flexibility. EnergyPLAN controls the charging sched-
uling by varying time and power in order to balance renewable
generation and integrate local excess. The strategy has been imple-
mented by varying the share of electric vehicles participating in the
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smart charge scheme. Additional costs related to the charging
infrastructure implementation have been externally computed.

The smart energy system configuration along with all the potential
PtX strategies has been depicted in Fig. 2.

All the simulations have been carried out by means of EnergyPLAN.
The software allows to model all the strategies by changing the
computational variables described above.

3.5. Energy, environmental and economic indicators

For applying properly EnergyPLAN to a grid-tied REC, the electricity
off takes through the community boundaries must be assessed according
to the Italian network characteristics. The calculation of energy and
environmental parameters has been carried out according to the meth-
odology in Ref. [68]. The primary fossil energy factor of national grid
has been computed according to Equation (1).

1 — %RES,,

1
Je ® Mot W

Juret gria =

where:

® furelgria is non-renewable primary energy factor associated to the
electricity grid.

e %RES,; is the average renewable energy share of the national elec-
trical grid, which is equal to 38.08% for the Italian energy system, in
2020 [69].

e 74, is the average efficiency of the national thermal power plants,
equal to 0.422 [70].

e f. is the is the correction factor for grid losses, in accordance with the
Commission Delegated Regulation (EU) 2015/2402 of 12 October
2015, which reviews harmonised efficiency reference values for
separate production of electricity and heat in Europe [71].

Thereby, the Primary Fossil Energy Consumption associated with the
electricity consumption (PFECg;) can be defined according to Equation
(2).

PFECEL :fnr.cl grid ® ELimp (2)

where EL;, is the imported electricity.

In such a way, the REC Primary Fossil Energy Consumption (PFEC),
expressed by MWh/yr, can be easily calculated by adding the factors
related to fuels consumption and the imported electricity, according to
Equation (3).

PFEC = PFECyygs + PFECy;, 3)

PFECrygss is the sum of transport fuels and NG consumption from the
gas grid and it is one of the EnergyPLAN output. Similarly, the emission
factor of electricity consumption from national power grid can be
defined as follows:

(1 - %RES,el) * Jeth.el

4
. @

Selgria =

where f, 4 denotes the average emission factor of national thermal
power plants, which is equal to 444.4 kgcoa/MWh, [70]. Thereby, the
annual COy equivalent emissions due to the electricity consumption
(CO2¢q,z1) can be defined in accordance with Equation (5).

COreq =fe et gria ® ELimp 5)

Furthermore, the REC annual CO, eq emissions (CO,,), expressed
by tcoa/yr, can be computed by using Equation (6).

COyeq = COreq ruers + COneqrr (6)

As the energy self-consumption arising from PtX systems is the
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objective of this work, a key performance indicator has been used to
assess that issue. The Self-Consumption Ratio (SCR) can be defined as
the ratio between the renewable energy self-consumption (REs¢) and the
overall RES production over the year (REpy).

REsc
REpy

SCR= (7

Furthermore, an additional indicator can be defined to properly
evaluate the REC electrical self-sufficiency. That indicator is useful
especially for assessing the RES penetration in the energy system in the
preliminary analysis. The Self-Sufficiency Ratio has been defined as the
ratio between the Egc and the annual REC’s primary energy consumption
(PEc).

RESC

PE, ®

SSR =

In addition, the PV factor (fpy), which is expressed by the ratio between
the annual energy PV production and annual REC’s electricity need

(ELg4), has been considered.

v = 9
d

For evaluating the PtX strategies economic effectiveness, the annual
costs (ACs) borne by RECs have been assessed. EnergyPLAN includes the
economic evaluation and the AC calculation by considering energy
vectors purchase (Cgp), investments costs and operation and mainte-
nance (Cognm) costs. The investment costs calculation has been imple-
mented accounting for the variability of Initial Capital Expenditure
(CAPEX) by changing the plants’ size.

ACs, expressed by €/yr, can be defined according to Equation (10).

AC = CAPEX o ¢rf + Coga + Cap 10

Here, crf is the capital recovery factor, which can be computed in
accordance with Equation (11).
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Table 10

Main parameters of the PV scenarios chosen for the simulations.
Value Unit Scenario Scenario Scenario

300 600 900
PV size kw 300 600 900
Annual RES MWh/ 73.5 147 220.5
production year

fov - 0.33 0.65 0.98
SCR - 0.80 0.51 0.36
SSR - 0.10 0.12 0.15

_ie(1+i)
C’f—m an

where, i is the interest rate of investments and 7 is the lifetime.
3.6. Technical and economic assumptions

To assess the CAPEX related to the main technologies applied in the
present study, cost curves defining the unit investment cost versus the
plant size have been used. In so doing, the size effect on the technolo-
gies’ CAPEX has been considered. The PV CAPEX curve has been
developed in accordance with Ref. [72] and applied in Ref. [73]. That
curve has been depicted in Fig. 3.

The lithium-ion batteries’ CAPEX curve has been defined according
to Ref. [32] and depicted in Fig. 4.
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Specific cost curves for alkaline electrolysers and mixing devices has
been developed in Ref. [74] and are reported in Fig. 5.

In order to assess the installation cost of TES, Martinez-Lera et al.
[75] proposed a specific cost function depending on the storage volume.

CAPEX 7z = 4042 o V3% a2

Furthermore in Refs. [76,771], specific cost curves of air-to-water HPs
and gas boilers have been developed. The curves have been depicted in
Fig. 6.

According to Ref. [78], the investment cost for each charging station,
characterised by a peak power of 11 kW, is equal to 1200 € and the
further costs for installing the smart charge option are equal to 1500 €.

The assumptions on O&M costs and lifetime of the main components

10

are outlined in Table 5.

The final energy prices for residential users have been fixed in
accordance with Ref. [86] and presented in Table 6.

Some technical assumptions have been made in order to develop the
analysis.

Electric vehicles have been modelled considering a maximum
charging power and a vehicle capacity for each vehicle equal to 85 kW
and 42 kWh, respectively [87]. Furthermore, the maximum power for
each charging station has been considered equal to 21 kW [78].

The electricity used for producing hydrogen is considered as self-
consumed energy although the hydrogen may not be consumed within
the community once it is injected into the gas grid. Indeed, in literature
[88], the issue of self-consumption concerns the need to locally use
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electricity in order to avoid several feed-in points on the power grid in a
future where many decentralised renewable plants will be installed. In
this view, electrolysis represents a local conversion of RES excess and,
for the purpose of the present work, it can be considered as
self-consumed electricity since it is not injected into the power grid.

The rated power and the average efficiency of the thermal plants in
both conventional and smart scenarios are summarised in Table 7.
Furthermore, efficiencies of PtX components and the annual PV plant
capability have been reported in Table 8. Finally, the rated vehicle
consumptions have been assumed in accordance with Ref. [89] and
summarised in Table 9.

4. Results and discussion
A preliminary analysis between conventional and smart scenarios

has been carried out to investigate the ability of the two systems to
integrate the renewable generation. No PtX strategies are involved in
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this preliminary analysis, since it represents the assessment of the PV
implementation in energy systems characterised by low and high end-
use electrification, respectively.

SCR, SSR, AGs, fpy and annual CO2¢q emissions have been calculated
by changing the installed PV peak power (Ppy) up to 1000 kW. In Fig. 7,
SCR and SSR versus the Ppy have been shown. Furthermore, ACs and
annual CO2q emissions have been plotted in Figs. 8 and 9, respectively.
Finally, in Fig. 10, the fpy has been depicted.

In the conventional scenario, when fpy is 1, less than 40% of the
energy produced by the PV system is self-consumed. This value is
reached with only 500 kW of PPV.

For the same Ppy, the electrification included in the smart scenario
allows for a substantial increase in both SCR and SSR. For instance, with
a Ppy of 600 kW, the SCR is 0.35 and 0.62 for conventional and smart
scenarios, respectively.

The energy end-uses electrification allows to significantly increase
the REC’s ability of integrating VRES.
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Nevertheless, in both the configurations, without any kind of energy
storage system, the SCR rapidly decrease by raising the PV peak power.
Besides, despite the significant increase in the Ppy, the SSR turns out to
be extremely low.

The ACs and the annual CO, emissions related to the conventional
energy systems are much higher than the smart one. In detail, annual
emissions of the conventional energy system are twice as high as the
smart one.

In the smart scenario, beyond the threshold value of Ppy equal to 300
kW, the larger the PV size, the smaller the ACs are. From the preliminary
analysis, it can be concluded that integrating energy sectors along with
electrifying energy end-uses is even more important than installing RES
to reduce CO; emissions and minimise ACs. Only the smart energy
system has been assessed for the further analysis, as it allows to imple-
ment all the PtX strategies.

Three PV configurations have been chosen in order to take into ac-
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count different RES excess scenarios. Ppy values equal to 300 kW, 600
kW and 900 kW have been considered. The first one corresponds to the
minimum cost configuration; the second one represents an intermediate
value; finally, the third one is the scenario characterised by fpy equal to
1. The main parameters associated to the selected scenarios have been
summarised in Table 10.

4.1. Power-to-X strategies

In the three scenarios, the PtX strategies have been implemented and
simulated by means of EnergyPLAN. By changing the energy storage
systems size, SCR, ACs and CO, emissions have been computed. To
compare the different systems, a correlation between SCR and annual
costs has been elaborated.

In Figs. 11-13, SCR values versus ACs by implementing PtX strate-
gies have been depicted for Ppy equal to 300 kW, 600 kW and 900 kW,
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respectively. Furthermore, Figs. 14-16 present the correlations between
annual CO; emissions and ACs for Ppy equal to 300 kW, 600 kW and 900
kW, respectively.

In order to more directly compare the different strategies, a
comparative analysis of some Power-to-X configurations has been car-
ried out. The sizing criteria has been defined as follows: minimum cost
configuration for curves with a minimum, maximum implementation of
the strategy for linearly decreasing curves and maximum implementa-
tion of the strategy for linearly increasing curves, without exceeding an
annual cost increase of +2%.

In Fig. 17, SCR, annual costs and annual CO2 emissions of Power-to-
X configurations in different PV scenarios have been depicted.

For low-RES excess, PtH and PtV strategies turn out to be the best
solutions for improving the energy SC. This is due to the TES low costs
and smart EV charging infrastructure. Nonetheless, both the systems
present some intrinsic limitations when the RES excess increases.
Indeed, enhancing the Ppy, those strategies are not able to achieve a SCR
of 1. The PtV curve is linearly decreasing, however its potential is
limited by the EV penetration in the community. Besides, the PtH system
presents some constrains linked to the HP capacity and TES volume.
Indeed, once a threshold value has been overcome, the increase in the
storage size needed to improve the SCR make the solution no more cost-
effective. The choice of the case study, characterised by a limited
heating period, is penalising for the PtH strategy. Nevertheless, in all the
simulated configurations, PtH strategy represents the first solution to be
implemented for increasing the energy SC.

PtP system turns out to be a suitable solution for different RES excess
conditions. Furthermore, in the configurations characterised by Ppy
equal to 600 kW and 900 kW, electric batteries show a greater potential
than PtH and PtV systems to increase energy SC. However, also the PtP
curve has a threshold value beyond which an increase in the storage
system size entails a significant reduction in the system cost-
effectiveness. Furthermore, it is noteworthy that in each PV configura-
tion the minimum cost is never achieved by the PtP system. The PtP
application turns out to be able to reduce ACs only in the high-RES
excess configurations. When the storage system sizes are small, the
PtP system is not cost-effective, due to the high CAPEX of electric
batteries.

PtG strategy is never the best solution, if not to increase the SCR in
high-RES excess conditions. This is mainly due to the low remuneration
considered for the hydrogen injection into the gas network. Notwith-
standing, this strategy does not present the storage limits of other
technologies as it exploits the local gas grid as a free storage infra-
structure. Additionally, the PtG curve has a trend almost constant
regardless of the PV rated power. That feature suggests that a reduction
in the prohibitive costs of small electrolysers or a higher remuneration
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may make that strategy an attractive solution for the large VRES
integration.

From the comparative analysis, it is noticeable that PtH and PtV
strategies are the most cost-effective solutions. Those strategies allow
the integration of non-dispatchable renewable generation at a lower cost
than lithium-ion batteries. However, their potential is limited and, with
large PV sizes, the level of SCR is very low.

The increase in PV size and the resulting increase in critical excess
electricity production reduces the ability of PtX strategies to cost-
effectively integrate renewable generation. Very high SCR values are
only achievable by increasing the community annual costs in the
configuration characterised by Ppy equal to 900 kW.

To sum up, the energy storage system implementation represents a
cost-effective solution for reducing the electricity injection into the local
power grid. Moreover, by improving the PV size along with PtH and PtV
systems, ACs can be significantly reduced.

The analysis results concerning CO2 emissions are closely related to
those ones dealing with the SCR improving. That makes it possible to
generalise the assessments made also for the discussion of the potential
role of PtX systems in reducing CO; emissions. Hence, it can be stated
that the cross-sectoral integration, between electricity, the heating and
transport sectors, is a better solution than those that focus only on the
electricity sector.

4.2. Sensitivity analysis

To generalise the discussion about strengths and weaknesses of PtX
strategies, some boundary REC conditions have been varied. In such a
way, the system applications in different REC models have been
assessed.

The community PTHR, defined as the ratio between the annual
electricity demand and the annual heating demand, in the reference
scenario is equal to 0.23. Two other configurations, characterised by
PTHR equal to 0.1 and 0.4, have been considered. In addition, the EV
penetration has been analysed for values equal to 25%, 50% and 100%.
In so doing, 27 scenarios for PtX strategies’ implementation have been
investigated.

In Figs. 18-20, the ACs versus the SCR by changing PTHR and Ppy
have been depicted for the configurations characterised by EV pene-
tration equal to 25%, 50% and 100%, respectively.

By increasing the PTHR, the competitiveness of PtH systems
compared to PtV ones is reduced. The EV share increase positively af-
fects the PtV strategy, however, even in the scenarios characterised by
the full electrification of transport demand, that solution cannot achieve
on its own the complete energy SC. In the scenarios with both low PTHR
and low EV share, PtG system turns out to be an interesting solution for
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Fig. 18. ACs versus the SCR by changing PTHR and Ppy with EV penetration equal to 25%.

increasing the SCR. This is due to the low electrification level that re-
duces the REC ability to integrate VRES and likewise it reduces the
potential of other PtX strategies. The EV penetration increase improves
the competitiveness of PtP systems, especially to achieve high SC levels.
Nevertheless, exploiting EV batteries is always more cost-effective than
installing stationary batteries.

In almost all the REC configurations, the minimum cost solution is
represented by the installation of 600 kW of Ppy along with the PtH
system implementation. It should be point out that the best configura-
tion can only be identified by integrating different PtX strategies.
Nonetheless, optimising the REC configuration goes beyond the purpose
of the present work, which is to discuss strengths and weaknesses of PtX
applications.
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4.3. Limitations of the work and further developments

The analysis in this paper aims to investigate the ability of different
sector coupling strategies in maximising energy self-consumption.
However, certain assumptions made in this paper and the choice of
case study may influence the analysis.

In the present work only the integration of PV systems has been
assessed and the REC is located in Rome. Thereby, the heat demand over
the period in which higher RES excess occurs is only related to DHW. It
can be supposed that this analysis is penalising for the PtH strategy.
Indeed, by assessing the same system in better conditions, e.g. inte-
grating Wind generation or evaluating REC in norther regions, better
performances can be attained.

Potential further developments of this work are the integration of
different renewable generation technologies and the analysis of sector
coupling strategies under different weather conditions.
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Fig. 19. ACs versus the SCR by changing PTHR and Ppy with EV penetration equal to 50%.

Furthermore, the EnergyPLAN software has been developed as a tool
for national energy planning, although its application on a small scale
already exists in the literature.

The software is suitable for these analysis on sector-coupling stra-
tegies, however, the simplified treatment of the technologies does not
allow for the efficiency variation to be taken into account when varying
weather conditions and load shedding. This simplification may affect the
numerical results, however the variation from real data is small and the
findings of this paper are not distorted.

Finally, the aim of this work is to discuss the strengths and weak-
nesses of PtX strategies, so their combined application has not been
investigated. However, such an aspect can be the subject of further de-
velopments of the present work, either by combining the different
technologies or by optimising the REC configuration.
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5. Conclusions

The aim of this paper is to assess and discuss strengths and weak-
nesses of small-scale PtX applications in residential RECs. Power-to-
Power, Power-to-Gas, Power-to-Heat and Power-to-Vehicle systems
have been applied to a case study, consisting of ten buildings and two
hundred flats. A preliminary analysis comparing a conventional and a
smart energy system has been carried out. Three PV configurations have
been considered to analyse the PtX strategies implementation in the
smart energy system under different RES excess conditions. Further-
more, to broaden the analysis, some boundary conditions have been
varied and 27 REC configurations have been studied.

The results of this work show how Power-to-X strategies represent a
feasible and cost-effective solution to increase energy self-consumption
in RECs. In detail, ACs and annual CO; emissions are highly reduced by
moving from a conventional system towards a smart and integrated one.
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Fig. 20. ACs versus the SCR by changing PTHR and Ppy with EV penetration equal to 100%.

However, in both the configurations, without any kind of energy storage
system, the SCR rapidly decreases by raising the PV peak power.

Integrating energy sectors and electrifying energy end-uses even
takes priority over the RES installation for reducing CO2 emissions and
minimising REC’s ACs.

For low-RES excess, PtH and PtV strategies turn out to be the most
interesting solutions for improving the energy SC. Nonetheless, both the
systems present some intrinsic limitations when the RES excess

increases.

The PtV curve is almost linearly decreasing, however its potential is

limited by the EV penetration and owner participation. Even in the
scenarios characterised by the full electrification of the transport de-
mand, the complete energy SC cannot be achieved. However, exploiting
EV batteries is always more cost-effective than installing stationary
batteries. Besides, additional costs for national incentive schemes or
energy trading fees could be needed for aggregate the EV owners and
encourage the citizens’ participation.
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The PtH system represents the most cost-effective strategy for
increasing the energy SC in almost all the simulated configurations.
When the RES excess is high, there is a threshold value beyond which, as
the storage size increases, the ACs rapidly increases. Thus, by increasing
the PTHR, the PtH systems competitiveness compared to the PtV ones is
reduced.

The PtP system turns out to be a viable solution in different RES
excess conditions. Nonetheless, small-scale applications cannot reduce
ACs because of high CAPEX of small size electric batteries. In configu-
rations characterised by high-RES shares, they show a greater potential
than PtH and PtV systems for increasing the SCR. The PtP curve also has
a threshold value beyond which the system is no longer cost-effective.
Moreover, it is noteworthy that in each REC configuration, the mini-
mum cost is never attained by the PtP implementation.

The PtG strategy can never be considered the best solution, if not to
substantially increase the SCR under high-RES excess conditions. This
result is mainly due to the low remuneration which has been accounted
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for the hydrogen injection into the gas grid. Nevertheless, this strategy
does not present the storage limits of other technologies as it exploits
local gas pipelines as a free storage system. A likely forthcoming
reduction in the high cost of small electrolysers or a higher hydrogen
remuneration may make that strategy an attractive solution for the large
VRES integration.

Finally, energy storage systems are crucial to reduce the electricity
injection into the local power grid. Moreover, by improving the PV size
along with the application of PtH and PtV systems, the REC’s ACs can be
significantly reduced. In conclusion, it emerged that the cross-sector
integration is a better solution than focusing only on the electricity
sector for improving energy, economic and environmental performance
of renewable energy communities.

CRediT authorship contribution statement

Lorenzo Mario Pastore: Conceptualization, Methodology, Writing —
original draft, Writing — review & editing. Gianluigi Lo Basso:

Nomenclature

ACs Annual Costs (€/yr)

CAPEX Initial Capital Expenditure (€)

COP coefficient of performance (—)

CO2¢q annual CO2 equivalent emissions (tco2/yr)

C Costs (€/yr)

crf Capital recovery factor (%)

i Interest rate (%)

EP Energy Performance Indicator (kWh/m?2yr)
Nehel Average efficiency of national thermal power plants (—)
fe correction factor (—)

fe emission factor (kgco2/MWh)

far non-renewable primary energy factor (—)

fev PV factor (-)

Ppy PV peak power (kW)

PE¢ REC’s primary energy consumption (MWh/yr)
PFEC Primary Fossil Energy Consumption (MWh/yr)

PTHR Power-to-Heat Ratio (—)
REg¢ renewable energy self-consumption (MWh/yr)
REpy Annual PV production (MWh/yr)

SCR Self-consumption Ratio (—)
SSR Self-sufficiency Ratio (—)

T Lifetime (yr)

A% Storage volume (m3)
Subscripts

c Cooling

d Demand

el grid  Electricity grid

ep energy vector purchase
FUELS  Fossil fuels

h Heating

imp imported

nr Non-renewable energy
O&M operation and maintenance
PV Photovoltaic

th Thermal power plants
Abbreviations

4GDH  Fourth generation DH

ALK Alkaline Electrolysers
DH district heating

DHW domestic hot water
EBs Electric Batteries

Energy 280 (2023) 128205

Supervision, Writing — review & editing. Guido Ricciardi: Formal
analysis, Software. Livio de Santoli: Supervision.

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.
Data availability

No data was used for the research described in the article.
Acknowledgment

The research activities leading to this study have been partially

supported by the project “Progetti per Avvio alla Ricerca” n.
AR12117A8A8E6664 funded by Sapienza University of Rome.



L.M. Pastore et al.

EVs electric vehicles
GHG Greenhouse gas
HPs Heat Pumps
NG Natural Gas
PEM proton exchange membrane
PtG Power-to-Gas
PtH Power-to-Heat
PtP Power-to-Power
Ptv Power-to-Vehicle
PtX Power-to-X
RECs Renewable Energy Communities
REDII  Renewable Energy Directive
RES Renewable energy sources
SC Self-Consumption
SES Smart energy systems
SOEC solid oxide electrolysis cell
TES thermal energy storage
V1G Vehicle-1-Grid
V2G vehicle-to-grid
VRES Variable RES
References
[1] EC. Directive (EU) 2018/2001 of the European Parliament and of the Council of 11

[2]

[3

=

[4

=

[5

fad}

[6]

[7

—

[8

—

[9

—

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

December 2018 on the promotion of the use of energy from renewable sources. Off
J Eur Union 2018;L 328:82-209.

Gallego-Castillo C, Heleno M, Victoria M. Self-consumption for energy
communities in Spain: a regional analysis under the new legal framework. Energy
Pol 2021;150. https://doi.org/10.1016/j.enpol.2021.112144.

Martinot E. Grid integration of renewable energy: flexibility, innovation, and
experience. Annu Rev Environ Resour 2016;41:223-51. https://doi.org/10.1146/
annurev-environ-110615-085725.

Zakeri B, Syri S. Electrical energy storage systems: a comparative life cycle cost
analysis. Renew Sustain Energy Rev 2015;42:569-96. https://doi.org/10.1016/j.
rser.2014.10.011.

Peters JF, Baumann M, Zimmermann B, Braun J, Weil M. The environmental
impact of Li-Ion batteries and the role of key parameters — a review. Renew Sustain
Energy Rev 2017;67:491-506. https://doi.org/10.1016/j.rser.2016.08.039.

Lund H, Andersen AN, @stergaard PA, Mathiesen BV, Connolly D. From electricity
smart grids to smart energy systems - a market operation based approach and
understanding. Energy 2012;42:96-102. https://doi.org/10.1016/j.
energy.2012.04.003.

Lund H, @stergaard PA, Connolly D, Mathiesen BV. Smart energy and smart energy
systems. Energy 2017;137:556-65. https://doi.org/10.1016/j.
energy.2017.05.123.

Bacekovi¢ I, @stergaard PA. Local smart energy systems and cross-system
integration. Energy 2018;151:812-25. https://doi.org/10.1016/j.
energy.2018.03.098.

Sternberg A, Bardow A. Power-to-What?-Environmental assessment of energy
storage systems. Energy Environ Sci 2015;8:389-400. https://doi.org/10.1039/
c4ee03051f.

Skov IR, Schneider N, Schweiger G, Schoggl J-P, Posch A. Power-to-X in Denmark:
an analysis of strengths, weaknesses, opportunities and threats. Energies 2021;14:
913. https://doi.org/10.3390/EN14040913.

Wulf C, Zapp P, Schreiber A. Review of power-to-X demonstration projects in
Europe. Front Energy Res 2020;8:191. https://doi.org/10.3389/fenrg.2020.00191.
Stancin H, Mikul¢i¢ H, Wang X, Dui¢ N. A review on alternative fuels in future
energy system. Renew Sustain Energy Rev 2020;128:109927. https://doi.org/
10.1016/j.rser.2020.109927.

Mansour-Saatloo A, Pezhmani Y, Mirzaei MA, Mohammadi-Ivatloo B, Zare K,
Marzband M, et al. Robust decentralized optimization of Multi-Microgrids
integrated with Power-to-X technologies. Appl Energy 2021;304. https://doi.org/
10.1016/j.apenergy.2021.117635.

Foit SR, Vinke IC, de Haart LGJ, Eichel RA. Power-to-Syngas: an enabling
technology for the transition of the energy system? Angew Chem Int Ed 2017;56:
5402-11. https://doi.org/10.1002/anie.201607552.

Bogdanov D, Ram M, Aghahosseini A, Gulagi A, Oyewo AS, Child M, et al. Low-cost
renewable electricity as the key driver of the global energy transition towards
sustainability. Energy 2021;227. https://doi.org/10.1016/j.energy.2021.120467.
Koj JC, Wulf C, Zapp P. Environmental impacts of power-to-X systems - a review of
technological and methodological choices in Life Cycle Assessments. Renew
Sustain Energy Rev 2019;112:865-79. https://doi.org/10.1016/j.
rser.2019.06.029.

Child M, Bogdanov D, Aghahosseini A, Breyer C. The role of energy prosumers in
the transition of the Finnish energy system towards 100 % renewable energy by
2050. Futures 2020;124. https://doi.org/10.1016/j.futures.2020.102644.

18

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Energy 280 (2023) 128205

Pastore LM, Lo Basso G, Cristiani L, de Santoli L. Rising targets to 55% GHG
emissions reduction — the smart energy systems approach for improving the Italian
energy strategy. Energy 2022;259:125049. https://doi.org/10.1016/].
energy.2022.125049.

Kovac A, Paranos M, Marciu$ D. Hydrogen in energy transition: a review. Int J
Hydrogen Energy 2021;46:10016-35. https://doi.org/10.1016/j.
ijhydene.2020.11.256.

Bhandari R, Shah RR. Hydrogen as energy carrier: techno-economic assessment of
decentralized hydrogen production in Germany. Renew Energy 2021;177:915-31.
https://doi.org/10.1016/j.renene.2021.05.149.

Welder L, Ryberg DS, Kotzur L, Grube T, Robinius M, Stolten D. Spatio-temporal
optimization of a future energy system for power-to-hydrogen applications in
Germany. Energy 2018;158:1130-49. https://doi.org/10.1016/j.
energy.2018.05.059.

Fonseca JD, Camargo M, Commenge JM, Falk L, Gil ID. Trends in design of
distributed energy systems using hydrogen as energy vector: a systematic literature
review. Int J Hydrogen Energy 2019;44:9486-504. https://doi.org/10.1016/].
ijhydene.2018.09.177.

Khalid F, Aydin M, Dincer I, Rosen MA. Comparative assessment of two integrated
hydrogen energy systems using electrolyzers and fuel cells. Int J Hydrogen Energy
2016;41:19836-46. https://doi.org/10.1016/J.IJHYDENE.2016.08.121.
Mathiesen BV, Lund H, Connolly D, Wenzel H, Ostergaard PA, Moller B, et al.
Smart Energy Systems for coherent 100% renewable energy and transport
solutions. Appl Energy 2015;145:139-54. https://doi.org/10.1016/j.
apenergy.2015.01.075.

Nastasi B, Lo Basso G, Astiaso Garcia D, Cumo F, de Santoli L. Power-to-gas
leverage effect on power-to-heat application for urban renewable thermal energy
systems. Int J Hydrogen Energy 2018;43:23076-90. https://doi.org/10.1016/j.
ijhydene.2018.08.119.

Stanc¢in H, Mikul¢i¢ H, Wang X, Dui¢ N. A review on alternative fuels in future
energy system. Renew Sustain Energy Rev 2020;128:109927. https://doi.org/
10.1016/j.rser.2020.109927.

Ababneh H, Hameed BH. Electrofuels as emerging new green alternative fuel: a
review of recent literature. Energy Convers Manag 2022;254:115213. https://doi.
org/10.1016/J.ENCONMAN.2022.115213.

Alavi F, Park Lee E, van de Wouw N, De Schutter B, Lukszo Z. Fuel cell cars in a
microgrid for synergies between hydrogen and electricity networks. Appl Energy
2017;192:296-304. https://doi.org/10.1016/j.apenergy.2016.10.084.

Kuczynski S, Laciak M, Olijnyk A, Szurlej A, Wiodek T. Thermodynamic and
technical issues of hydrogen and methane-hydrogen mixtures pipeline
transmission. Energies 2019;12:569. https://doi.org/10.3390/en12030569.
Witkowski A, Rusin A, Majkut M, Stolecka K. Comprehensive analysis of hydrogen
compression and pipeline transportation from thermodynamics and safety aspects.
Energy 2017;141:2508-18. https://doi.org/10.1016/j.energy.2017.05.141.
Gjorgievski VZ, Cundeva S, Georghiou GE. Social arrangements, technical designs
and impacts of energy communities: a review. Renew Energy 2021;169:1138-56.
https://doi.org/10.1016/j.renene.2021.01.078.

Pastore LM, Lo Basso G, Ricciardi G, de Santoli L. Synergies between Power-to-Heat
and Power-to-gas in renewable energy communities. Renew Energy 2022;198:
1383-97. https://doi.org/10.1016/j.renene.2022.08.141.

Fischer D, Madani H. On heat pumps in smart grids: a review. Renew Sustain
Energy Rev 2017;70:342-57. https://doi.org/10.1016/j.rser.2016.11.182.
Patteeuw D, Helsen L. Combined design and control optimization of residential
heating systems in a smart-grid context. Energy Build 2016;133:640-57. https://
doi.org/10.1016/J.ENBUILD.2016.09.030.

Franco A, Fantozzi F. Experimental analysis of a self consumption strategy for
residential building: the integration of PV system and geothermal heat pump.


http://refhub.elsevier.com/S0360-5442(23)01599-2/sref1
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref1
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref1
https://doi.org/10.1016/j.enpol.2021.112144
https://doi.org/10.1146/annurev-environ-110615-085725
https://doi.org/10.1146/annurev-environ-110615-085725
https://doi.org/10.1016/j.rser.2014.10.011
https://doi.org/10.1016/j.rser.2014.10.011
https://doi.org/10.1016/j.rser.2016.08.039
https://doi.org/10.1016/j.energy.2012.04.003
https://doi.org/10.1016/j.energy.2012.04.003
https://doi.org/10.1016/j.energy.2017.05.123
https://doi.org/10.1016/j.energy.2017.05.123
https://doi.org/10.1016/j.energy.2018.03.098
https://doi.org/10.1016/j.energy.2018.03.098
https://doi.org/10.1039/c4ee03051f
https://doi.org/10.1039/c4ee03051f
https://doi.org/10.3390/EN14040913
https://doi.org/10.3389/fenrg.2020.00191
https://doi.org/10.1016/j.rser.2020.109927
https://doi.org/10.1016/j.rser.2020.109927
https://doi.org/10.1016/j.apenergy.2021.117635
https://doi.org/10.1016/j.apenergy.2021.117635
https://doi.org/10.1002/anie.201607552
https://doi.org/10.1016/j.energy.2021.120467
https://doi.org/10.1016/j.rser.2019.06.029
https://doi.org/10.1016/j.rser.2019.06.029
https://doi.org/10.1016/j.futures.2020.102644
https://doi.org/10.1016/j.energy.2022.125049
https://doi.org/10.1016/j.energy.2022.125049
https://doi.org/10.1016/j.ijhydene.2020.11.256
https://doi.org/10.1016/j.ijhydene.2020.11.256
https://doi.org/10.1016/j.renene.2021.05.149
https://doi.org/10.1016/j.energy.2018.05.059
https://doi.org/10.1016/j.energy.2018.05.059
https://doi.org/10.1016/j.ijhydene.2018.09.177
https://doi.org/10.1016/j.ijhydene.2018.09.177
https://doi.org/10.1016/J.IJHYDENE.2016.08.121
https://doi.org/10.1016/j.apenergy.2015.01.075
https://doi.org/10.1016/j.apenergy.2015.01.075
https://doi.org/10.1016/j.ijhydene.2018.08.119
https://doi.org/10.1016/j.ijhydene.2018.08.119
https://doi.org/10.1016/j.rser.2020.109927
https://doi.org/10.1016/j.rser.2020.109927
https://doi.org/10.1016/J.ENCONMAN.2022.115213
https://doi.org/10.1016/J.ENCONMAN.2022.115213
https://doi.org/10.1016/j.apenergy.2016.10.084
https://doi.org/10.3390/en12030569
https://doi.org/10.1016/j.energy.2017.05.141
https://doi.org/10.1016/j.renene.2021.01.078
https://doi.org/10.1016/j.renene.2022.08.141
https://doi.org/10.1016/j.rser.2016.11.182
https://doi.org/10.1016/J.ENBUILD.2016.09.030
https://doi.org/10.1016/J.ENBUILD.2016.09.030

L.M.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

Pastore et al.

Renew Energy 2016;86:1075-85. https://doi.org/10.1016/J.
RENENE.2015.09.030.

Bloess A, Schill WP, Zerrahn A. Power-to-heat for renewable energy integration: a
review of technologies, modeling approaches, and flexibility potentials. Appl
Energy 2018;212:1611-26. https://doi.org/10.1016/j.apenergy.2017.12.073.
Lund H, @stergaard PA, Chang M, Werner S, Svendsen S, Sorknzs P, et al. The
status of 4th generation district heating: research and results. Energy 2018;164:
147-59. https://doi.org/10.1016/j.energy.2018.08.206.

Yuan M, Thellufsen JZ, Lund H, Liang Y. The electrification of transportation in
energy transition. Energy 2021;236:121564. https://doi.org/10.1016/j.
energy.2021.121564.

Hedegaard K, Ravn H, Juul N, Meibom P. Effects of electric vehicles on power
systems in Northern Europe. Energy 2012;48:356-68. https://doi.org/10.1016/j.
energy.2012.06.012.

Doroti¢ H, Doraci¢ B, Dobravec V, Puksec T, Krajaci¢ G, Duié¢ N. Integration of
transport and energy sectors in island communities with 100% intermittent
renewable energy sources. Renew Sustain Energy Rev 2019;99:109-24. https://
doi.org/10.1016/j.rser.2018.09.033.

Sovacool BK, Kester J, Noel L, Zarazua de Rubens G. Actors, business models, and
innovation activity systems for vehicle-to-grid (V2G) technology: a comprehensive
review. Renew Sustain Energy Rev 2020;131. https://doi.org/10.1016/j.
rser.2020.109963.

Hu J, Morais H, Sousa T, Lind M. Electric vehicle fleet management in smart grids:
a review of services, optimization and control aspects. Renew Sustain Energy Rev
2016;56:1207-26. https://doi.org/10.1016/j.rser.2015.12.014.

Liu L, Kong F, Liu X, Peng Y, Wang Q. A review on electric vehicles interacting with
renewable energy in smart grid. Renew Sustain Energy Rev 2015;51:648-61.
https://doi.org/10.1016/j.rser.2015.06.036.

Inci M, Savrun MM, Gelik O. Integrating electric vehicles as virtual power plants: a
comprehensive review on vehicle-to-grid (V2G) concepts, interface topologies,
marketing and future prospects. J Energy Storage 2022;55. https://doi.org/
10.1016/j.est.2022.105579.

Inci M. Technoeconomic analysis of fuel cell vehicle-to-grid (FCV2G) system
supported by photovoltaic energy. Energy Technol 2023. https://doi.org/10.1002/
ente.202201162.

Savrun MM, Inci M, Biiyiik M. Design and analysis of a high energy efficient multi-
port dc-dc converter interface for fuel cell/battery electric vehicle-to-home (V2H)
system. J Energy Storage 2022;45. https://doi.org/10.1016/j.est.2021.103755.
Heilmann C, Friedl G. Factors influencing the economic success of grid-to-vehicle
and vehicle-to-grid applications—a review and meta-analysis. Renew Sustain
Energy Rev 2021;145. https://doi.org/10.1016/j.rser.2021.111115.

Inci M, Biiyiik M, Ozbek NS. Sliding mode control for fuel cell supported battery
charger in vehicle-to-vehicle interaction. Fuel Cell 2022;22:212-26. https://doi.
org/10.1002/fuce.202200105.

Quinn C, Zimmerle D, Bradley TH. The effect of communication architecture on the
availability, reliability, and economics of plug-in hybrid electric vehicle-to-grid
ancillary services. J Power Sources 2010;195:1500-9. https://doi.org/10.1016/J.
JPOWSOUR.2009.08.075.

Gallo AB, Simoes-Moreira JR, Costa HKM, Santos MM, Moutinho dos Santos E.
Energy storage in the energy transition context: a technology review. Renew
Sustain Energy Rev 2016;65:800-22. https://doi.org/10.1016/j.rser.2016.07.028.
Schmidt O, Hawkes A, Gambhir A, Staffell I. The future cost of electrical energy
storage based on experience rates. Nat Energy 2017;2:17110. https://doi.org/
10.1038/nenergy.2017.110.

Lund PD, Lindgren J, Mikkola J, Salpakari J. Review of energy system flexibility
measures to enable high levels of variable renewable electricity. Renew Sustain
Energy Rev 2015;45:785-807. https://doi.org/10.1016/j.rser.2015.01.057.

Parra D, Swierczynski M, Stroe DI, Norman SA, Abdon A, Worlitschek J, et al. An
interdisciplinary review of energy storage for communities: challenges and
perspectives. Renew Sustain Energy Rev 2017;79:730-49. https://doi.org/
10.1016/j.rser.2017.05.003.

Rahman MM, Oni AO, Gemechu E, Kumar A. Assessment of energy storage
technologies: a review. Energy Convers Manag 2020;223:113295. https://doi.org/
10.1016/j.enconman.2020.113295.

Lund H, Thellufsen JZ, @stergaard PA, Sorknzs P, Skov IR, Mathiesen BV.
EnergyPLAN - advanced analysis of smart energy systems. Smart Energy 2021;1:
100007. https://doi.org/10.1016/j.segy.2021.100007.

Cabrera P, Lund H, Thellufsen JZ, Sorknas P. The MATLAB Toolbox for
EnergyPLAN: a tool to extend energy planning studies. Sci Comput Program 2020;
191:102405. https://doi.org/10.1016/j.scico.2020.102405.

Connolly D, Lund H, Mathiesen BV. Smart Energy Europe: the technical and
economic impact of one potential 100% renewable energy scenario for the
European Union. Renew Sustain Energy Rev 2016;60:1634-53. https://doi.org/
10.1016/j.rser.2016.02.025.

Hansen K, Mathiesen BV, Skov IR. Full energy system transition towards 100%
renewable energy in Germany in 2050. Renew Sustain Energy Rev 2019;102:1-13.
https://doi.org/10.1016/j.rser.2018.11.038.

Thellufsen JZ, Lund H, Sorknas P, @stergaard PA, Chang M, Drysdale D, et al.
Smart energy cities in a 100% renewable energy context. Renew Sustain Energy
Rev 2020;129:109922. https://doi.org/10.1016/].rser.2020.109922.

Prina MG, Cozzini M, Garegnani G, Moser D, Oberegger UF, Vaccaro R, et al. Smart
energy systems applied at urban level: the case of the municipality of Bressanone-
Brixen. Int J Sustain Energy Plan Manag 2016;10:33-52. https://doi.org/10.5278/
ijsepm.2016.10.4.

19

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

771

[78]
[79]

[80]

[81]

[82]

[83]
[84]

[85]

[86]
[87]

[88]

[89]

Energy 280 (2023) 128205

Bartolini A, Comodi G, Salvi D, @stergaard PA. Renewables self-consumption
potential in districts with high penetration of electric vehicles. Energy 2020;213.
https://doi.org/10.1016/j.energy.2020.118653.

Mancini F, Romano S, Lo Basso G, Cimaglia J, De Santoli L. How the Italian
residential sector could contribute to load flexibility in demand response activities:
a methodology for residential clustering and developing a flexibility strategy.
Energies 2020;13:3359. https://doi.org/10.3390/en13133359.

Mancini F, Salvo S, Piacentini V. Issues of energy retrofitting of a modern public
housing estates: the “giorgio morandi” complex at tor Sapienza, Rome, 1975-
1979vol. 101. Elsevier; 2016. p. 1111-8. https://doi.org/10.1016/j.
egypro.2016.11.151. Energy Procedia.

UNI/TS 11300-2. Prestazioni energetiche degli edifici. Parte 2: Determinazione del
fabbisogno di energia primaria e dei rendimenti per la climatizzazione invernale e
per la produzione di acqua calda sanitaria, per la ventilazione e per
I'illuminazione. 2014.

European Commission. HotMaps, the open source mapping and planning tool for
heating and cooling 2020. https://www.hotmaps-project.eu/. [Accessed 10
February 2022].

Roma Servizi per la Mobilita Srl. Rapporto mobilita 2020 | roma mobilita 2021.
https://romamobilita.it/it/media/pubblicazioni/rapporto-mobilita-2020.
[Accessed 10 February 2022].

Noussan M, Carioni G, Sanvito FD, Colombo E. Urban mobility demand profiles:
time series for cars and bike-sharing use as a resource for transport and energy
modeling. Data 2019;4. https://doi.org/10.3390/data4030108.

Pastore LM, Lo Basso G, de Santoli L. Can the renewable energy share increase in
electricity and gas grids takes out the competitiveness of gas-driven CHP plants for
distributed generation? Energy 2022:124659. https://doi.org/10.1016/J.
ENERGY.2022.124659.

Eurostat. SHARES (Renewables) -. Energy - eurostat. https://ec.europa.eu/eurostat
/web/energy/data/shares. [Accessed 15 February 2022].

ISPRA Istituto Superiore per la Protezione e la Ricerca Ambientale. Fattori di
emissione atmosferica di gas a effetto serra nel settore elettrico nazionale e nei
principali Paesi Europei. 2019.

European Commission. Commission delegated regulation (EU) 2015/2402 of 12
October 2015 reviewing harmonised efficiency reference values for separate
production of electricity and heat in application of Directive 2012/27/EU of the
European Parliament and of the Council and rep. Off J Eur Union 2015;333:1-8.
IEA, NEA. Projected electricity generating costs of generating electricity: 2020
edition. 2020.

Pastore LM. Combining Power-to-Heat and Power-to-Vehicle strategies to provide
system flexibility in smart urban energy districts. Sustain Cities Soc 2023;94:
104548. https://doi.org/10.1016/].5¢5.2023.104548.

De Santoli L, Lo Basso G, Bruschi D. A small scale H2NG production plant in Italy:
techno-economic feasibility analysis and costs associated with carbon avoidance.
Int J Hydrogen Energy 2014;39:6497-517. https://doi.org/10.1016/j.
ijhydene.2014.02.003.

Martinez-Lera S, Ballester J, Martinez-Lera J. Analysis and sizing of thermal energy
storage in combined heating, cooling and power plants for buildings. Appl Energy
2013;106:127-42. https://doi.org/10.1016/j.apenergy.2013.01.074.

Pezzutto S, Zambotti S, Croce S, Zambelli P, Garegnani G, Scaramuzzino C, et al.
Hotmaps project, D2.3 WP2 report — open data Set for the EU28. 2018.

Danish Energy Agency. Technology data - energy plants for electricity and district
heating generation. http://www.ens.dk/teknologikatalog. [Accessed 31 January
2022].

ARERA. Rapporto finale della ricognizione. Mercato e caratteristiche dei dispositivi
di ricarica per i veicoli elettrici. 2021.

Heat Roadmap Europe 4 (HRE4). EnergyPLAN 2018. https://www.energyplan.
eu/hre4/. [Accessed 3 November 2021].

Wang K, Herrando M, Pantaleo AM, Markides CN. Technoeconomic assessments of
hybrid photovoltaic-thermal vs. conventional solar-energy systems: case studies in
heat and power provision to sports centres. Appl Energy 2019;254:113657.
https://doi.org/10.1016/j.apenergy.2019.113657.

International Renewable Energy Agency. IRENA (2021), Renewable Power
Generation Costs in 2020. Abu Dhabi: 2021.

Jiilch V. Comparison of electricity storage options using levelized cost of storage
(LCOS) method. Appl Energy 2016;183:1594-606. https://doi.org/10.1016/J.
APENERGY.2016.08.165.

IRENA. Electricity storage and renewables: costs and markets to 2030. 2017.
Minutillo M, Perna A, Forcina A, Di Micco S, Jannelli E. Analyzing the levelized
cost of hydrogen in refueling stations with on-site hydrogen production via water
electrolysis in the Italian scenario. Int J Hydrogen Energy 2021;46:13667-77.
https://doi.org/10.1016/j.ijhydene.2020.11.110.

Schroeder A, Traber T. The economics of fast charging infrastructure for electric
vehicles. Energy Pol 2012;43:136-44. https://doi.org/10.1016/j.
enpol.2011.12.041.

ARERA. Dati statistici 2021. https://www.arera.it/it/dati/elenco_dati.htm.
[Accessed 3 April 2021].

FIAT. 11 sito ufficiale di Fiat Italia 2021. https://www.fiat.it/. [Accessed 5 July
2022].

Luthander R, Widén J, Nilsson D, Palm J. Photovoltaic self-consumption in
buildings: a review. Appl Energy 2015;142:80-94. https://doi.org/10.1016/j.
apenergy.2014.12.028.

UNEM. Comunicato su “Previsioni di domanda energetica e petrolifera italiana
2019-2040”. UNEM 2019. https://www.unem.it/10961-2/. [Accessed 11 October
2021].


https://doi.org/10.1016/J.RENENE.2015.09.030
https://doi.org/10.1016/J.RENENE.2015.09.030
https://doi.org/10.1016/j.apenergy.2017.12.073
https://doi.org/10.1016/j.energy.2018.08.206
https://doi.org/10.1016/j.energy.2021.121564
https://doi.org/10.1016/j.energy.2021.121564
https://doi.org/10.1016/j.energy.2012.06.012
https://doi.org/10.1016/j.energy.2012.06.012
https://doi.org/10.1016/j.rser.2018.09.033
https://doi.org/10.1016/j.rser.2018.09.033
https://doi.org/10.1016/j.rser.2020.109963
https://doi.org/10.1016/j.rser.2020.109963
https://doi.org/10.1016/j.rser.2015.12.014
https://doi.org/10.1016/j.rser.2015.06.036
https://doi.org/10.1016/j.est.2022.105579
https://doi.org/10.1016/j.est.2022.105579
https://doi.org/10.1002/ente.202201162
https://doi.org/10.1002/ente.202201162
https://doi.org/10.1016/j.est.2021.103755
https://doi.org/10.1016/j.rser.2021.111115
https://doi.org/10.1002/fuce.202200105
https://doi.org/10.1002/fuce.202200105
https://doi.org/10.1016/J.JPOWSOUR.2009.08.075
https://doi.org/10.1016/J.JPOWSOUR.2009.08.075
https://doi.org/10.1016/j.rser.2016.07.028
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1038/nenergy.2017.110
https://doi.org/10.1016/j.rser.2015.01.057
https://doi.org/10.1016/j.rser.2017.05.003
https://doi.org/10.1016/j.rser.2017.05.003
https://doi.org/10.1016/j.enconman.2020.113295
https://doi.org/10.1016/j.enconman.2020.113295
https://doi.org/10.1016/j.segy.2021.100007
https://doi.org/10.1016/j.scico.2020.102405
https://doi.org/10.1016/j.rser.2016.02.025
https://doi.org/10.1016/j.rser.2016.02.025
https://doi.org/10.1016/j.rser.2018.11.038
https://doi.org/10.1016/j.rser.2020.109922
https://doi.org/10.5278/ijsepm.2016.10.4
https://doi.org/10.5278/ijsepm.2016.10.4
https://doi.org/10.1016/j.energy.2020.118653
https://doi.org/10.3390/en13133359
https://doi.org/10.1016/j.egypro.2016.11.151
https://doi.org/10.1016/j.egypro.2016.11.151
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref64
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref64
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref64
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref64
https://www.hotmaps-project.eu/
https://romamobilita.it/it/media/pubblicazioni/rapporto-mobilita-2020
https://doi.org/10.3390/data4030108
https://doi.org/10.1016/J.ENERGY.2022.124659
https://doi.org/10.1016/J.ENERGY.2022.124659
https://ec.europa.eu/eurostat/web/energy/data/shares
https://ec.europa.eu/eurostat/web/energy/data/shares
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref70
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref70
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref70
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref71
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref71
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref71
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref71
https://doi.org/10.1016/j.scs.2023.104548
https://doi.org/10.1016/j.ijhydene.2014.02.003
https://doi.org/10.1016/j.ijhydene.2014.02.003
https://doi.org/10.1016/j.apenergy.2013.01.074
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref76
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref76
http://www.ens.dk/teknologikatalog
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref78
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref78
https://www.energyplan.eu/hre4/
https://www.energyplan.eu/hre4/
https://doi.org/10.1016/j.apenergy.2019.113657
https://doi.org/10.1016/J.APENERGY.2016.08.165
https://doi.org/10.1016/J.APENERGY.2016.08.165
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref83
https://doi.org/10.1016/j.ijhydene.2020.11.110
https://doi.org/10.1016/j.enpol.2011.12.041
https://doi.org/10.1016/j.enpol.2011.12.041
https://www.arera.it/it/dati/elenco_dati.htm
https://www.fiat.it/
https://doi.org/10.1016/j.apenergy.2014.12.028
https://doi.org/10.1016/j.apenergy.2014.12.028
https://www.unem.it/10961-2/

L.M. Pastore et al. Energy 280 (2023) 128205

[90] European Parliament. Guidelines for Member States on calculating renewable [92] EU Science Hub. Photovoltaic geographical information system (PVGIS) 2021. http
energy from heat pumps from different heat pump technologies pursuant to Article s://ec.europa.eu/jre/en/pvgis. [Accessed 4 January 2022].
5 of Directive 2009/28/EC. Off J Eur Union 2013:27-35. [93] Europe Tesla. Powerwall tesla 2021. https://www.tesla.com/en_eu/powerwall.
[91] AERMEC Technical Documentation. AERMEC; 2020. https://global.aermec.com/it [Accessed 4 January 2022].
/download/technical-documentation/. [Accessed 15 February 2022]. [94] IEA. The future of hydrogen. https://doi.org/10.1787/1e0514c4-en; 2019.

20


http://refhub.elsevier.com/S0360-5442(23)01599-2/sref90
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref90
http://refhub.elsevier.com/S0360-5442(23)01599-2/sref90
https://global.aermec.com/it/download/technical-documentation/
https://global.aermec.com/it/download/technical-documentation/
https://ec.europa.eu/jrc/en/pvgis
https://ec.europa.eu/jrc/en/pvgis
https://www.tesla.com/en_eu/powerwall
https://doi.org/10.1787/1e0514c4-en

	Smart energy systems for renewable energy communities: A comparative analysis of power-to-X strategies for improving energy ...
	1 Introduction
	2 Power-to-X systems
	2.1 Power-to-Gas
	2.2 Power-to-Heat
	2.3 Power-to-Vehicles
	2.4 Power-to-Power

	3 Material and methods
	3.1 EnergyPLAN
	3.2 Case study
	3.3 Conventional energy system
	3.4 Smart energy system
	3.5 Energy, environmental and economic indicators
	3.6 Technical and economic assumptions

	4 Results and discussion
	4.1 Power-to-X strategies
	4.2 Sensitivity analysis
	4.3 Limitations of the work and further developments

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgment
	Nomenclature
	References


